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The role of colloids in science has changed dramatically over the past few 
decades as they are being used as novel advanced materials for various applications e.g. 
paint/coating, electronics, cosmetics, and pharmaceutics. Direct observation and 
manipulation of colloids are now very common and colloidal dispersions are being used 
as model systems for studying equilibrium/non-equilibrium thermodynamics and kinetics 
of molecular and atomic systems. While most original pioneering works in colloidal 
science has been performed with a focus on hard sphere systems, researchers now devote 
considerable attention to more complex soft colloids. Aqueous microgels form one of the 
most extensively studied classes of soft materials due to their unique tunability and 
responsiveness. However, the fundamental knowledge about microgels is still rather 
poor, in particular for multi-responsive systems, and there are a variety of open questions 
that need to be answered. As a contribution to this field, this thesis describes studies of 
the dynamics, phase behavior, interparticle interactions, and hydrodynamics of stimuli-
responsive pNIPAm-co-AAc microgels. Since these microgels are multi-responsive to the 
external stimuli temperature, pH, and ionic strength, one can tune their interparticle 
interactions and size. These colloidal particles serve as excellent model systems to probe 
the relationship between colloidal interactions and phase behavior. As a first step, we 
established our core experimental methodology, by demonstrating that particle tracking 
video microscopy is an effective technique to quantify various parameters in colloidal 
systems, such as the hydrodynamic particle radius, local temperature of a dilute 
 xix
suspension, and rheological/micro-structural properties of the embedding medium. Then 
we used the technique in combination with a microfluidic device that provides in situ 
control over sample pH to probe the phase behavior of pNIPAm-co-AAc microgel 
suspensions. In essence, the experimental set-up enables changes in effective particle 
volume fractions by changing pH, which can be used to construct the phase diagram. In 
order to explain the unique features of the microgel phase diagram, we measured the 
underlying pairwise interparticle potential of pNIPAm-co-AAc microgels directly in 
quasi-2D suspension and proved that the interactions are pH dependent and can range 
from weakly attractive to soft repulsive. Finally, the hindered Brownian diffusion due of 
colloidal particles confined by hard walls was investigated systematically and striking 
differences between hard sphere and soft sphere were found, with soft pNIPAm-co-AAc 







 A colloidal particle is a microscopic entity ranging in size between 10 nm and 1 
µm. Colloids are very common in everyday life; for example, paint, ink, smoke, 
cosmetics, pharmaceutics, and many food dispersions such as ketchup, milk, and 
mayonnaise are all classified as colloidal systems. The study of colloids aims to obtain a 
better understanding of the stability, flow behavior, interactions, and phase behavior of 
these materials. The history of colloidal research goes back to the mid-nineteenth century, 
to experiments with colloidal gold sols by Michael Faraday and liquid diffusion studies 
by Thomas Graham. The term colloid was coined by Graham in 1861 based on the Greek 
word κολλα (which means “glue”) to differentiate between substances that could diffuse 
through membranes and substances that could not [1, 2]. Since then, the definition of 
colloid has been used quite leniently to describe any particle that undergoes Brownian 
motion. As long as they meet the size criteria, colloids can consist of any kind of material 
and appear in many different shapes, for instance, spheres, ellipsoids, platelets, and rods. 
 In general, colloidal particles exhibit constant irregular motion, which is often 
described mathematically with a stochastic equation. Due to continuous thermally driven 
collisions between solvent molecules and colloidal particles, the latter exhibit random 
Brownian motion driven by energy of magnitude Bk T . Einstein first related the diffusion 
coefficient ( D ) of a colloidal suspension to this thermal energy [3]. By considering 
Stokes’ law for the hydrodynamic mobility, the diffusion coefficient for colloids in dilute 
dispersions can be rewritten in term of their hydrodynamic radius ( HR ) and the viscosity 
of medium (η ), so called Stokes-Einstein-Sutherland relation, 
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=      (1.1) 
 
 Colloidal particles are very unique since they are sufficiently large and slow to be 
observed by optical techniques, such as conventional light microscopy. Thus, many 
researchers have used colloidal suspensions as a model system for a large variety of 
processes, such as nucleation, growth and melting of crystals [4-8]. Interparticle forces 
between colloids are strong enough to promote macroscopic ordering, leading the 
formation of a sequence of phases. Slight variations in environmental conditions can 
trigger phase changes that in turn induce major changes in macroscopic properties. 
Understanding the relation between colloidal particle interactions and phase behavior is 
essential for developing predictive models of the macroscopic behavior of colloidal 
systems.  The following section will discuss the interaction forces that govern colloidal 
systems at the microscopic level.  
 
1.1 Forces in colloidal systems 
 Many applications of colloids require control over the various interparticle forces 
that play a role in these systems, e.g. electrostatic forces, van der Waals forces, and 
hydrophilic/hydrophobic forces [9]. Consequently, scientists have devoted considerable 
effort experimentally and theoretically to understand this topic. Overall forces between 
colloids are the result of a complex interplay between many chemical and physical 
processes at the molecular level. Practically, the total force can be obtained by summing 
intermolecular forces of all types that are present in the system. In this section, we will 
first discuss the various intermolecular forces separately and then describe the effects of 
their combined actions in the following section. 
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1.1.1 Electrostatic forces 
 In some cases when a colloid is dispersed in a solvent, it acquires surface charges 
due to the dissociation of chemical groups at the surface or due to the adsorption of ionic 
species, e.g. electrolytes or ionic surfactants [10, 11]. For simplicity, the resulting surface 
charge is often considered to be homogeneous, although in reality the charges are discrete 
and heterogeneously distributed. In solution, charged materials attract counterions, in 
which form an immobile layer of ions close to the surface that is usually called the Stern 
or Helmholtz layer. This layer, in turn, controls the ion distribution nearby and gives rise 
to a diffuse counterion atmosphere, the electric double layer. In general, charged surfaces 
can be characterized by a surface charge density σ and surface potential Ψ0. To describe 
the potential or distribution of ions in the solutions, one must solve the Poisson equation, 
a non-linear second order partial differential equation that requires two boundary 
conditions. Although there is no general solution of this equation, in the limit of low, 
constant surface potential Ψ0, the solution is: 
 
     ( ) 0 xx e κ−Ψ ≈ Ψ     (1.2) 
with  











= ⎜ ⎟⎜ ⎟
⎝ ⎠∑
    (1.3) 
 
where rε  is the solvent relative dielectric constant, 0ε  the dielectric permittivity of a 
vacuum,  ic∞ the concentration of ion species i at the reference point (normally chosen to 
be the bulk concentration), and iz  ion valency; the summation must be carried out over 
all ion species in solution. The parameter 1κ − , as defined in Eq. (1.3), is referred to as the 
Debye screening length and defines the characteristic distance from the surface over 
which electrostatic forces are felt. It is a function of electrolyte concentration and ion 
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valency as shown in Table 1.1. For instance, a 10 mM 1:1 electrolyte solution has 1κ −  = 
3.04 nm and for an 0.1 mM 1:1 electrolyte solution 1κ −  = 30.4 nm. Generally speaking, 
the Debye screening length is inversely proportional to electrolyte concentration and 
valency of electrolyte. These lengths quantify the range of electrostatic interactions and 
can be significant compared to the size of colloidal particles. 
 
Table 1.1 Values of 1κ − for various electrolyte concentrations and  
valencies for aqueous solution at 25 °C. 
 
 
1.1.2 Van der Waals forces 
 All interfacial phenomena in colloidal system are influenced significantly by 
forces that have their origin at atomic or molecular level interactions due to dipole or 
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induced dipole of molecules [12, 13]. Collectively, these forces are often referred to as 
van der Waals forces. They have a shorter effective range than electrostatic forces, but 
play an important role in all aspect of materials including atoms, molecules, and particles. 
For example, van der Waals forces contribute to numerous interfacial and colloidal 
phenomena, e.g. adsorption of materials, surface tension, stability of liquid films, 
adhesion, and colloidal aggregation. Van der Waals forces are usually attractive and 
consist of Keesom interactions (permanent dipole-permanent dipole), Debye interactions 
(permanent dipole-induced dipole), and London or dispersion interactions (induced 
dipole-induced dipole). Two permanent dipoles, which have two equal charges of 
opposite sign can rotate easily in a solvent over all orientations. To maximize the 
electrostatic interaction between dipoles, they align themselves parallel but opposite 
direction and this alignment generates net attractive force. In a similar manner, when 
permanent dipole is resent next to non-permanent dipole, a permanent dipole generates an 
electric field, by which it induces non-permanent dipole into induced-dipole and aligns 
themselves oppositely parallel direction, providing another type of attraction between 
permanent dipole and induced dipole. Even between molecules without a permanent 
dipole, such as non-polar hydrocarbons, fluctuations of the electron cloud around the 
nuclei can generate instantaneous dipoles, resulting in London forces. 
1.1.3 Miscellaneous colloidal forces 
 Other important colloidal forces include solvation forces (hydrogen bonding), 
hydrophilic/hydrophobic forces and steric forces [9, 14-16]. Solvation forces arise when a 
liquid is confined to a gap between two surfaces and solvent orientation at the surfaces 
introduces short range repulsive forces which are stronger than attractive van der Waals 
forces. This short range stabilizing force was observed between solid surfaces, such as 
silica and mica, across water [17-19]. For instance, when two mica plates are brought 
together at close separation (normally less than about 10 solvent molecule diameters), 
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they experience repulsive force rather than attractive van der Waals. Although the 
molecular origin of solvation forces is not clear, most researchers consider the ordering of 
the solvent molecules into semi-ordered layers the surfaces as a main cause. Since the 
structured solvent layers are stabilized by effective orientation associated with multi-body 
interactions, any disruption or change of this ordering is not favorable due to considerable 
entropic penalty, which in turn generate a repulsive force. Hydrogen bonding is a special 
type of solvation force, namely the attractive force between one electronegative atom and 
a hydrogen atom covalently bonded to another electronegative atom. Hydrogen bondings 
are weaker than covalent bonds, but strong enough to be of significance on molecular and 
colloidal scales, as evidenced by the high boiling point and surface tension of water in 
comparison to other solvents, and by the double helical structure of DNA which is 
stabilized by multiple hydrogen bondings.  
 Hydrophilic/hydrophobic forces are also of importance in colloidal systems. The 
origin of these forces can be explained by strong electrostatic cohesion in water. Water 
molecules tend to form hydrogen bondings with each other, thus excluding non-polar 
molecules that are incapable of forming hydrogen bondings, e.g. alkanes, hydrocarbons, 
and fluorocarbons. In other words, formation of hydrogen bondings around non-polar 
molecules requires reorientation or restructuring of water molecules and it costs high 
entropic and enthalpic penalty. For this reason, hydrocarbons are poorly soluble in water 
and water molecules are highly immiscible with most organic solvents. 
 Lastly, when colloidal particles with hairy surfaces (e.g., grafted or adsorbed 
polymers) approach each other, they experience a repulsive force once the outer surface 
layers begin to overlap. This phenomenon is caused by the unfavorable entropic penalty 
associated with compression or overlap of polymer chains and is referred to as steric 
repulsion. Experimentally, surfactants or polymer additives are added in colloidal 
suspensions and if they are soluble in the solvent, the added materials cover the surfaces 
of colloidal particles by adsorption or covalent attachment. The parts of the materials that 
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are not in direct contact with the surfaces tend to extend out from the surface to maximize 
their degree of freedom. Once the colloidal particles are fully covered, the colloidal 
particles can see one another through the hairy outer layer part. In general, the dimension 
of adsorbed molecule determines the range of the force and the onset of the repulsive 
force.  
 
1.2 Colloidal phase behavior and interparticle potentials 
 Colloidal suspensions exhibit remarkably interesting phase behavior, with a 
variety of phase transitions between gas, liquid, crystal, and liquid-crystal coexistence 
phases, similar to atoms and molecules. As a result, colloids have been widely used as a 
model system for phase behaviors [6, 16, 20, 21], intermolecular interactions [22, 23], 
and crystallization kinetics [4]. The key advantages of colloidal particles over atomic and 
molecular systems are their large size, slow dynamics, and the tunability of their 
interactions. Colloids are sufficiently large to scatter visible light. Unlike atomic systems, 
which require special instruments like ultrafast spectroscopy, atomic force microscopy 
(AFM), and scanning tunneling microscopy (STM), colloidal systems can directly be 
observed with relatively simple experimental techniques, such as light scattering and 
optical microscopy. Whereas the characteristic time scale of processes in atomic systems 
usually are on the order of femto-seconds, the dynamics of colloids are much slower, 
spanning a range of time scales from milliseconds to several months. It is therefore no 
surprise that the Brownian motion of colloids was first observed in the 19th century with a 
rather rudimentary experimental apparatus, while the first direct observation of atoms 
occurred much later. Furthermore, the chemical and physical properties of colloids and 
solvents in which they are dispersed can be easily tuned in order to engineer the forces 
between colloids. For instance, by grafting ionic groups, DNA, or small polymer 
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segments on the surface of colloidal particles, one can introduce electrostatic forces, 
specific binding forces, or steric forces [24-26]. Modification of solvent viscosity can be 
used to manipulate the time scale of colloidal dynamics. By controlling the density and 
refractive index difference between solvent and colloids, one can not only minimize 
gravitational effects, but also suppress attractions arising from van der Waals 
interactions. 
1.2.1 Intermolecular interactions 
 Many researchers have tried to predict colloidal phase behavior and proposed 
models for interparticle interactions. A major advance in quantitatively studying the 
interactions between colloidal particles was achieved by Derjaguin, Landau, Verwey, and 
Overbeek (DLVO theory) who provided insights in the stability of charge-stabilized 
colloidal suspensions [27, 28]. According to DLVO theory, the interaction potential 
between two colloidal particles can be explained by the interplay of three force 
components: excluded volume interaction due to the finite diameter of colloids (Eq. 
(1.5)), screened Coulombic repulsion with screening length 1κ −  (Eq. (1.6)), and short 
range van der Waals attraction (Eq. (1.7)): 
 
   ( ) ( ) ( ) ( )DLVO S vdW Cu x u x u x u x= + +     (1.4) 
with 
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where Z* is effective charge on the particle surface and r is the radius of the colloidal 
particles. Although the DLVO theory has a simple mathematical form and requires 
several assumptions, it has been applied successfully to many colloidal systems [23, 29, 
30].  
1.2.2 Hard sphere system 
 When the interaction between colloidal particles is zero at all separations except 
for a strong repulsion at physical overlap, as described by Eq. (1.5), these particles are 
referred to as hard spheres. The hard sphere model is the simplest theoretical model for a 
colloidal system. Experimentally, it has been realized by using refractive index-matched 
solvents with monodisperse, sterically stabilized colloids for which the thickness of the 
stabilizing polymer segment is much smaller than the radius of the particles [16, 31, 32]. 
The phase diagram of a hard sphere suspension can be predicted by a single parameter, 
the particle volume fraction (φ ), as shown in Fig. 1.1 [16, 33]. The upper limit for φ  is 
the maximum packing density ( maxφ ), which is realized when hard spheres are arranged in 
close-packed layers with twelve-nearest neighbors. While max, 0.7404cpφ =  can be 
achieved for regularly packed monodisperse spheres, random close packing renders 
max, 0.637rcpφ = . Hexagonal packing with six in-plane neighbors maximizes the local 
entropy for each particle, which is the driving force towards crystallization of hard sphere 
systems with increasing φ . It has been proven theoretically and shown experimentally 
that above the freezing point, 0.494fφ = , hard spheres begin to form such entropically 
favorable crystals and that the entire suspension becomes crystalline above the melting 
point, 0.545mφ = . However, the predicted equilibrium phase diagram is not always 
realized; hard sphere systems can get trapped kinetically in a glassy non-equilibrium 
phase beyond the glass transition, 0.57gφ ≈  [34-36]. While thermodynamics dictates the 
equilibrium structure, kinetics determines if and how fast this equilibrium structure is 
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reached. If an unordered suspension is created at these concentrations, lack of particle 
mobility frustrates the evolution of an equilibrium crystalline structure. 
 
 
Figure 1.1 The phase diagram of hard sphere system as a function of volume fraction. 
 
1.2.3 Soft sphere system 
 Recently, soft and deformable particles have been extensively studied, because of 
their rich phase behavior and associated opportunities for the synthesis of advanced 
materials. Examples are star polymers [37-39], polymer microgels [40-45], vesicles and 
micelles [46, 47], and dendrimers [48, 49]. Due to the unique characteristics of soft 
spheres, in particular their compressibility, deformability, and inter-penetrability, 
researchers have put forward numerous efforts to investigate the relationship between 
soft sphere interactions and their phase behavior. As discussed earlier, hard spheres only 
have three thermodynamically equilibrium phases which are governed by φ  (Fig. 1.1). In 
contrast, soft spheres, for instance star polymers, have more complex phase diagrams. 
Numerical studies have predicted body centered cubic (BCC), face-centered cubic (FCC), 
body-centered orthogonal (BCO), and diamond structures for star polymers [38]. The 
phase behavior of these systems can no longer be predicted with a single parameter. Due 
to their deformability and compressibility, the volume occupied by soft spheres is 
somewhat ill-defined; soft spheres have been found to crystallize at (effective) volume 
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fractions well above max 0.7404φ =  [50]. An effective volume fraction is often defined 
based on the hydrodynamic particle radius in dilute suspensions. 
1.2.3.1 Hydrogels - Overview 
 Among the various types of soft colloids, our attention is directed at hydrogels 
because of the growing interest in these materials for applications in fields like drug 
delivery [51], bio/chemical sensing [52], and contact lenses [53]. Hydrogels are water 
soluble, physically or chemically cross-linked polymers. Depending on size, they are 
divided into colloidal microgels (10 nm ~ 10 µm) and non-colloidal macrogels (larger 
than 10 µm). Significant advances in synthetic methodology now enable fabrication of 
microgels with a broad range of chemical components, morphologies, and sizes. 
Microgels are particularly known for their responsiveness to external stimuli such as 
temperature, pH, and ionic strength. One of the most extensively studied polymers for 
microgels is poly(N-isopropylacrylamide) (pNIPAm) because of physical/morphological 
changes of the polymer in aqueous media in response to temperature [54, 55]. Colloidal 
pNIPAm microgels undergo a volume phase transition (VPT) at the lower critical 
solution temperature (LCST, ca. 32 °C). While pNIPAm is in a swollen, hydrated state 
below the LCST, heating changes the solvent quality of water from good to poor, 
resulting in a polymer collapse and expulsion of water molecules from the polymer 
network. To introduce additional functionality to the polymer network, one can 
copolymerize NIPAm with other monomers, for example styrene, methyl methacrylate 
and acrylic acid, as shown in Fig. 1.2. Aqueous-based free radical polymerization of 
pNIPAm-based microgels is normally performed at elevated temperature (ca. 50~70 °C, 
to ensure effective decomposition of thermo-initiator) under a N2 blanket (to prevent 
oxygen from inhibiting polymerization) and results in microgels with a globular structure 
[54, 56, 57]. 
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Figure 1.2 Schematic of Synthesis of pNIPAm-co-AAc microgel. 
 
Incorporation of acrylic acid (AAc) into the microgel network introduces additional 
responsiveness to pH and ionic strength. Figure 1.3 depicts the volume phase transition of 
pNIPAm-co-AAc microgels as a function of pH, temperature, and ionic strength. Due to 
the presence of NIPAm, pNIPAm-co-AAc microgels still undergo a VPT at elevated 
temperature. Addition of ionizable AAc groups provides not only pH-responsiveness due 
to electrostatic repulsion between deprotonated acid groups and osmotic pressure of 
counterions, but also responsiveness to ionic strength because of counterion screening. In 
chapter 2, we will discuss the dynamic swelling-deswelling transition of pNIPAm-co-
AAc microgels as a function of AAc content induced by pH change. 
 
 
Figure 1.3 The Volume phase transition of pNIPAm-co-AAc microgels. 
 13
1.3 Motivation and structure of thesis 
 As discussed before, soft colloidal particles have becoming an important area of 
interest, both scientifically and technically. To date, sterically stabilized and charged 
stabilized colloidal suspensions have been studied as model systems for hard spheres [16, 
31, 32] and long-range repulsive spheres [58-61], respectively. More recently, researchers 
have begun to use microgels, in particular pNIPAm-based microgels, as a model system 
for soft spheres because of the tunability of their softness and the volume phase transition 
induced by temperature changes. Significant work has been devoted to the phase 
behavior [45, 50, 62], structural properties [63-67], and rheological properties [44, 68, 
69] of pNIPAm microgels. It has been shown that interactions between pNIPAm 
microgels can be described as a soft repulsive interaction and the phase behavior of 
pNIPAm microgels has been found to differ significantly from that of hard spheres due to 
microgel deformability [44]. Nuclear magnetic resonance experiments have revealed 
structural inhomogeneities inside pNIPAm microgels [67] and small-angle neutron 
scattering of dilute microgel suspensions showed that radial concentration gradient 
decays toward the surface with dangling polymer chains attached to the particle surface 
[64]. These results suggest that the softness of pNIPAm colloidal microgels arises 
primarily from dangling chains on the surface and from an elastic, deformable corona. 
We expect that the incorporation of AAc functional group into pNIPAm microgel will 
introduce another complexity into the system  
 In this thesis, we investigate the dynamics, phase behavior, hydrodynamics of 
colloidal suspensions of multi-responsive pNIPAm-co-AAc microgels. From prior 
research [45, 62-68] it is known that the phase behavior of pNIPAm microgels can be 
relatively well explained via the effective volume fraction of microgels, analogous to 
hard spheres. However, incorporation of ionizable groups into the pNIPAm microgel 
network adds significant complexity to the system, and it is therefore reasonable to 
expect that such ionizable microgels will show interesting phenomena that deviate from 
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regular pNIPAm microgels. Indeed, past research in the Lyon group has shown that 
pNIPAm-co-AAc microgel suspensions crystallize at amazingly low concentrations at 
which pure pNIPAm microgels remain fluidized [50]. This phenomenon cannot be 
explained by simple hard sphere theory. We note that a key advantage of pNIPAm-co-
AAc microgels as a model system is that in situ manipulation of effective volume fraction 
of particles can be achieved by changing either temperature or pH. In contrast, for hard 
sphere suspensions it is difficult to vary particle concentration once a sample has been 
prepared. For this thesis, we have selected multi-responsive pNIPAm-co-AAc colloidal 
microgels, with the objective to provide meaningful insight in the properties of these soft 
colloids. The ultimate goal is to use this knowledge to enhance control over colloidal 
phase behavior and facilitate fabrication of ordered colloidal structures for various 
applications. 
 The structure of the thesis is as follows. In chapter 2, we introduce particle 
tracking video microscopy (PTVM) as an experimental technique for various colloidal 
systems. We will demonstrate that PTVM can be used to characterize various physical 
properties of materials, in particular the hydrodynamic radius of particles and the 
temperature or viscosity (micro-structural information) of the suspending medium. 
Chapter 3 focuses on the phase behavior of concentrated pNIPAm-co-AAc microgel 
dispersions as a function of effective volume fraction. Specifically, by taking advantage 
of the pH-responsiveness of the microgels and using a microdialysis cell which allows us 
to modulate solvent composition, we studied the melting/freezing phase transitions by 
manipulating the effective microgel volume fraction without external mechanical mixing 
or shear stress. Via gradual particle size (pH) changes we probed the equilibrium phase 
behavior of these suspensions. In addition, we studied non-equilibrium jammed states 
that can be generated via abrupt large volumetric expansions of the microgels. In chapter 
4, we aim to directly measure the underlying interparticle interactions of the microgel 
particles in an effort to explain the observed behavior in concentrated systems. By 
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utilizing a quasi-2D confinement set-up, interparticle interactions between specially 
synthesized core/shell (polystyrene/pNIPAm-co-AAc) particles can be measured as 
function of pH. In chapter 5, we describe studies of the hindered Brownian diffusion 
induced by hydrodynamic coupling between particle and walls both for hard sphere and 
soft sphere suspensions. Finally, in chapter 6, the major conclusions of this thesis are 
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PARTICLE TRACKING VIDEO MICROSCOPY AND ITS 
APPLICATION TO COLLOIDAL SYSTEMS 
 
 Particle tracking video microscopy (PTVM) uses the mobility of colloidal 
particles to extract information about the particles themselves or about the local 
environment explored by these particles. One can either use intrinsic colloidal particles 
which are naturally present in a system or embed tracer particles. PTVM experiments can 
be divided into two categories: one class involving the active manipulation of particles 
via externally applied forces (e.g., optical or magnetic) and another class exploiting the 
inherent Brownian motion of particles due to their thermal energy Bk T . Regardless of 
whether PTVM is carried out in active or passive mode, the technique records, identifies, 
and analyzes the trajectories of colloidal particles. In the following sections, we will 
discuss the experimental technique in more detail. For this thesis, we primarily focus on 
the passive version of PTVM and provide various examples of how the method can be 
applied in colloidal systems. 
2.1 Particle tracking video microscopy 
 Particle tracking video microscopy (PTVM) is an analytical technique that 
monitors the motion of individual colloidal particles in a suspending medium. It converts 
the motion of colloidal particles into useful physical information, for example diffusion 
coefficient, viscosity, temperature, hydrodynamic radius, and micro-structural 
morphology/heterogeneity. Due to the versatility of the method for soft materials and 
complex fluids, PTVM has been utilized in numerous applications, such as biophysics [1-
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4], microfluidics [5], colloid physics [6, 7], rheology [8-10], and polymer science [11]. 
PTVM can provide both ensemble-averaged information and local spatially-resolved 
information from individual tracer particles. Monitoring the mobility of tracer particles 
can be useful for interpreting the dynamics of a system. For example, tracking of single 
proteins within a mammalian cell by epifluorescence microscopy unveiled the dynamics 
of intracellular macromolecules [12]. Imaging of diffusive motion of embedded dye 
molecules revealed cell membrane dynamics [13, 14]. In another study, PTVM was 
successfully applied in-situ to determine sol-gel transition during photo-polymerization 
[11]. The observation of particles slowing down during the polymerization was utilized to 
evaluate the underlying reaction mechanism. Moreover, PTVM can be used as a 
visualization tool to investigate micro-structural characteristics of a media. The random 
Brownian dynamics of embedded tracer particles display characteristics of the 
microenvironments that the tracers explore. It has been reported that 3D 
positions/trajectories of tracer particles could visualize deformation of cross linked F-
actin networks, which form a major structural component of eukaryotic cells [2]. Under 
shear stress, the deformed trajectories of tracer particles were used to visualize the 
mechanical relaxation of the cell. When the characteristic length scale of a system is 
similar to the size of the colloidal probes, PTVM can also be used to obtain detailed 
information about morphological properties of the sample, such as heterogeneity and 
pore/mesh size [3, 15]. 
 The PTVM method consists of recording a movie, identifying particles in each 
frame of the movie via computational algorithms, combining the information in separate 
images to create trajectories of individual particles, and is completed by statistical 
analysis of these trajectories[16]. In general, PTVM utilizes one of the following four 
image analysis algorithms to detect particle positions and displacements: cross-
correlation, sum-absolute difference, centroid, and direct Gaussian fit [17]. Although 
various groups have developed in-house algorithms for analyzing movies, the strategies 
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generally fall into these four categories. While centroid and direct Gaussian fit algorithms 
estimate the positions of particles based on single images, cross-correlation and sum-
absolute difference algorithm identify the locations of particles by comparing consecutive 
images. Generally speaking, the centroid algorithm is known as the most robust against 
noise and particularly appropriate for micron size colloidal particles. For this thesis, we 
utilized a brightness-weighted centroid algorithm developed in Interactive Data Language 
(IDL; ITT Visual Information Solutions, Boulder, CO). Various codes for particle 
tracking with either IDL or Matlab can be found online [18] 
 A typical PTVM experiment for this thesis proceeded as follows. First, movies of 
moving colloids were captured with a CCD camera attached to the microscope and stored 
directly on a PC. Because Brownian motion can easily be obscured by external 
vibrations, we used an air-floated optical table to minimize vibrational noise from the 
microscope. The image analysis procedure in IDL consists of four stages; image 
restoration, locating particles, refining particle positions/eliminating unwanted particles, 
and connecting particle positions into trajectories [16]. The first stage aims to reduce 
low/high spatial frequency noise and the second stage detects the location of particle 
centers with multiple brightness-weighted centroids, as shown in Fig. 2.1(a). Original 
images are distorted by noise as a result of microscope optics and the imaging process 
during digitization. Such noise is minimized by computerized algorithm [16, 19]. During 
the second stage, locating the particles, all local brightness maxima are identified as 
potential particles. The third stage applies additional selection criteria such as eccentricity 
(aspect ratio) and minimum/maximum brightness in order to distinguish between actual 
in-focus particles and other objects in the image that are not single particles. Aggregates, 
for instance doublets and triplets, have higher eccentricity and brightness than single 
particles and are eliminated effectively by using eccentricity and brightness as selection 
criteria. In general, to ensure robust particle identification and accurate positioning with 
sub-pixel accuracy, the particle diameter in the image must be larger than 5 pixels. In that 
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scenario the algorithm used in this thesis can determine the center of particles to the order 
of 0.1 pixels. The third stage creates particle trajectories from the particle position data 
for the individual images, shown in Fig. 2.1(b). Finally, the trajectories can be used to 




Figure 2.1 Particle Tracking Video Microscopy (PTVM) (a) Intensity profile of 1 µm 
Nile Red carboxylate-modified fluorescent particle observed with 100× emulsion oil 
objective; the dashed line on the intensity profile represents the brightness-weighted 
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centroid algorithm and the inset shows the image of the fluorescent colloidal particle. (b) 
Trajectories of individual fluorescent particles. 
 
 When analyzing the trajectory of a colloidal particle, one can calculate the 
average squared displacement particles travel in a given time interval, often referred to as 
the mean squared displacement (MSD): 
 
  ( ) ( ) ( )( )22( ) i i j i jk kMSD t tτ τ τ= ∆ = + −r r r    (2.1) 
 
where ( )tr  and τ represent the position vector of the colloidal particle and lag time, 
respectively [19]. The bracket represents the ensemble-average over all particles and all 
starting times tj. Since the displacement of colloidal particles undergoing Brownian 
motion is the result of their thermal energy of magnitude Bk T , via the Stokes-Einstein 
relation Eq. (1.1), in the Newtonian regime MSD, which reflects that the diffusion 
coefficient can be related to various physical properties of the colloidal suspension: 
hydrodynamic radius of the particle HR , temperature of the medium T , and 
mechanical/rheological properties of the medium η , as depicted in Fig. 2.2. While the 
MSD of a particle in a Newtonian fluid is directly proportional to τ, analysis of the 
diffusion in non-Newtonian fluids requires the use of a generalized, frequency dependent 
version of the Stokes-Einstein relation [20]; in this thesis, we will either use the Stokes –
Einstein relation or use raw MSD data without rheological interpretation. In the following 
sections, we discuss the practical applications of PTVM via three examples: 1) 
determination of hydrodynamic radius HR  for colloidal particles, 2) temperature 
measurements with colloidal particles in microfluidics devices, and 3) micro-structural 





Figure 2.2 Physical properties characterization of colloidal suspensions via PTVM. In 
Stokes-Einstein Relation, d is the dimensionality of trajectories (d = 2 for optical 
microscopy). 
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2.2 Characterization of colloidal particle size 
 The most common methods to characterize colloidal particle size are photon 
correlation spectroscopy (PCS, often referred to as DLS, Dynamic Light Scattering), 
Atomic Force Microscopy (AFM) and Electron Microscopy (EM) [21-24]. PCS measures 
intensity fluctuations of scattered light to determine a diffusion coefficient, which it is 
then converted to hydrodynamic radius via Eq. (1.1). EM utilizes a beam of electrons to 
produce images, from which one can measure feature sizes directly. AFM scans across 
sample surfaces with a cantilever to render a topographic representation of the surface. 
For colloidal suspensions, each of these techniques has drawbacks. PCS is very sensitive 
to impurities; it ensemble-averages the scattered laser intensity over the scattering 
volume and large particle aggregates or dust in the sample generate very strong 
scattering, thus overwhelming the signal from single particles. EM often involves 
deposition of metal elements on the sample surface and generally requires sample drying, 
which is not suitable for hydrated materials that collapse during drying. AFM applies 
external forces through the cantilever, which can be detrimental for soft, deformable 
samples. In this study, we applied PTVM as an alternative technology to characterize the 
hydrodynamic radius of various colloidal particles. First, we evaluate PTVM as a 
characterization technology by comparing the results with PCS, followed by the 
application of our current method to monitor dynamic swelling-deswelling transitions of 
stimuli-responsive microgel particles upon pH change in a microfluidic device.  
2.2.1 Experimental Section 
Material 
 Fluorescent carboxylate-modified polystyrene FluoSpheres® (Molecular probes, 
Inc.) with 0.50 µm and 1.0 µm diameters and 3 % polydispersity were used. Acrylic acid 
(AAc, Sigma-Aldrich), N,N’-methylenebis (acrylamide) (BIS, Fluka), and ammonium 
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persulfate (APS, Sigma-Aldrich) were used as received. N-isopropylamide (NIPAm, 
Sigma-Aldrich) was recrystallizaed from hexane (J.T. Baker) and dried in vacuum. Water 
for all experiments was prepared by filtering deionized water (18 MΩ, Barnstead E-Pure 
system) through a 0.2 µm filter to remove particulate impurities. 
Preparation of p(NIPAm-co-AAc) Microgels 
 Colloidal microgel particles, pNIPAm-co-AAc, were synthesized via aqueous 
precipitation polymerization under nitrogen atmosphere at 60 °C for 4 hours [25, 26]. A 
precursor mixture without initiator was premixed at ratios shown in Table 2 with 100 mL 
water in a round bottom flask and pre-heated for 30 min under N2 blanket. The reaction 
was initiated by adding the APS initiator and allowed to proceed for 4 hours at 60 °C 
under N2 blanket. After the reaction, all colloidal particles were filtered and exhaustively 
purified via centrifugation, supernatant exchange and resuspension with DI water at least 
four times in order to get rid of unreacted components, linear polymer and impurities. 
 




Characterization of colloidal particles 
 Photon Correlation Spectroscopy (PCS). PCS (DynaPro, Protein Solutions, Inc.) 
was used to obtain hydrodynamic radii of colloidal particles in aqueous solution. Samples 
were analyzed with a three-sided quartz cuvette and the temperature of the sample was 
controlled via a Peltier-heater coupled to the sample holder. Before the measurements, 
samples were extensively sonicated. The scattering angle was 90° and the wavelength of 
light was 784.8 nm. Between measurement at different temperatures, samples were 
allowed to equilibrate for 5 minutes. Each data point consists of 25 measurements that 
were each obtained with a 15 s collection time. 
 Static Characterization via PTVM.  The fluorescent styrene particles were 
suspended in DI water and pNIPAm-co-AAc microgel particles were suspended in 
various buffer solutions with pH values ranging from 2.0 to 8.0 and constant ionic 
strength I = 15 mM. Diluted colloidal suspensions were placed between a microscope 
slide and cover slip with parafilm spacers of about 100 µm thickness. An optical video 
microscope (Leica DM-IRB) was used in the combination with Peltier-controlled thermal 
microscope stage (PE100-LI2, Linkam Scientific Instruments Ltd.) and objective heater 
(PN150819, Bioptechs, Inc.). Movies of 1500 frames were collected for each sample with 
a CCD camera (Cohu, Poway, CA; 30 frame/s, 640 × 486 pixels) and analyzed. Our 
optical microscope-based PTVM can detect particles with a spatial resolution of 4~5 nm. 
While the fluorescence imaging mode was applied to the polystyrene particles, pNIPAm-
co-AAc particles were imaged in Differential Interference Contrast (DIC) mode.  
 Dynamic Characterization via PTVM coupled with a Microfluidic Set-up. To 
control and manipulate the solvent composition in situ, our group has previously 
developed a microfluidic microdialysis cell [27]. For this study, a modified transparent 
version of microdialysis cell was fabricated with soft-lithography techniques based on 
polydimethylsilosane (PDMS; Sylgard 184, Dow Corning). In contrast to the original, 
non-transparent device based on a silicon wafer and cleanroom etching technology, the 
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new microdialysis design enabled us to visualize colloidal particles without fluorescent 
labeling, which would require undesirable modifications of surface chemistry. The 
manufacturing process of the dialysis cell is shown in Fig. 2.3(a). The mold for the 
microdialysis cell was made with Photoresist (SU-8 2100, Microchem) on a 5” silicone 
wafer. As shown in Fig. 2.3(b), the microdialysis cell consists of three main structural 
elements: a reservoir channel connected to an external flow system, a nanoporous 
membrane, and the sample chamber. The main PDMS body of the microdialysis cell has 
three features: a rectangular reservoir channel, a circular insert for the membrane, and 
two holes for inlet/outlet ports. An AnodiscTM 13 (Whatman plc. England) aluminum 
oxide membrane with 20 nm pore sizes was inserted into PDMS body and below the 
membrane a sample chamber was created with glass coverslips. Two flexible tubes were 
connected to the inlet/outlet ports. To control the flow of different buffer solutions, a 
four-way switching valve (V-101D, Upchurch Scientific) and syringe pump (KDS210C, 
KD Scientific Inc.) with two syringes were utilized. The sample volume of the micro-
dialysis cell set-up is about 1 µL. The height of the reservoir channel small compared to 
its width, so that a uniform quasi-2D parabolic flow develops across the membrane and 
convective-diffusive mass transport occurs through the nanoporous membrane into the 
sample chamber [27], as shown in Fig. 2.3(c). 
   (a) 
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  (b) 
 
 
  (c)  
 
Figure 2.3 Microdialysis Cell: (a) Schematic of fabrication of microdialysis cell via soft-
lithography. (b) Schematic representation and photograph (inset) of the microdialysis 
cell. (c) 3-D geometry of microdialysis cell and flow profile; while parabolic convective 
flow develops in the reservoir channel, the fluid remains quiescent in both membrane and 
sample chamber. 
 
2.2.2 Results and discussion 
Validation of PTVM against PCS 
 The reliability of PTVM versus PCS was tested with two different sizes mono-
disperse fluorescent polystyrene particles at very dilute particle concentrations (~ 0.001 
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wt%). Although the motion of fluorescent particles in aqueous media displays random 
Brownian motion in 3D, conventional optical microscopy monitors only the projection of 
the 3D motion. From the trajectories of colloidal particles, we obtained the hydrodynamic 
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where D represents the diffusion coefficient and dimensionality d = 2 for our PTVM. 
 According to the manufacturer’s product specifications, the nominal RH of the 
fluorescent polystyrene particles was 1.0 µm and 0.50 µm, characterized by EM [28]. It is 
obvious from the data in Fig. 2.4 that the RH of polystyrene particles suspended in DI 
water measured via PTVM is in good agreement with PCS results at temperatures 
ranging from 20 °C to 35 °C. In principle, the result from PCS, which averages over the 
entire scattering volume, could be biased by aggregates and other impurities. In PTVM, 
such impurities can explicitly be excluded by the computerized image analysis 
algorithms. The results imply that there are very few di-mers, tri-mers, or dust in the 
sample, which is expected since carboxyl-modified polystyrene particles are well-
dispersed in DI water due to Coulombic repulsions between charged surface groups. Fig. 
2.4 also shows that RH does not depend on temperature, which is also expected for 




Figure 2.4 Hydrodynamic radius (RH) of fluorescent polystyrene particles from PCS and 
PTVM; open symbols represent PTVM and solid symbols represent PCS result. Spheres 
and triangles represent polystyrene particles of 0.50 µm and 0.25 µm in radius, resp.  
 
Static characterization of hydrodynamic radius of microgels 
 After the initial benchmarking, PTVM was applied to a more interesting material, 
the PNIPAm-co-AAc microgels. As discussed in Chapter 1, microgels are physically or 
chemically cross-linked macromolecules with ~ 90 % of their volume occupied by 
solvent, in our case water. In contrast to polystyrene particles, microgels are soft and 
compressible, and deform easily when external force is applied. PCS has been widely 
used as a method to characterize RH of microgels in aqueous suspension, because 
application of EM and AFM is very challenging for hydrated microgels. For example, 
particles collapse during SEM, resulting in dehydrated flat “pancake” structures that 
provide little meaningful information about microgel size in suspension. Standard TEM 
also fails to characterize RH of microgels because sample preparation involves drying 
[29]. The application of AFM for microgels is also limited because AFM involves 
physical interaction between sample and cantilever.  PCS is therefore the most 
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appropriate traditional technique for soft hydrated spheres, since it is a non-destructive 
method and utilizes the inherent thermal energy kBT of colloids without applying external 
forces [25, 29, 30]. However, PCS is challenging for swollen microgels due to lack of 
refractive index contrast. At low pH, when pNIPAm-co-AAc microgels are protonated 
and collapsed, there is a reasonable refractive index contrast, which makes PCS 
measurements possible. As pH increases, the microgel refractive index approaches that of 
water and the particles provide insufficient scattering for PCS. The refractive index of 
microgels suspended in media depends on the polymer volume fraction and can be 
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where n, nm, and np represent the refractive index of microgel, medium, and polymer, 
respectively. HR  is radius of a microgel in a solvent (mostly water) and 0R  is the radius 
of the microgel when completely collapsed; ( )30 / HR R  is therefore the volume fraction of 
polymer in a swollen microgel. Even if the intrinsic refractive index of pNIPAm-co-AAc 
is 1.53, hydrated pNIPAm-co-AAc microgels have a refractive index similar to water 
(~1.35, ∆n ≈ 0.02) [33]. In addition to the contrast issue, ensemble-averaged results from 
PCS can not distinguish aggregates. PTVM allows direct visualization of single particles 
with computerized algorithms that enhance image contrast sufficiently to track microgels 
even in their swollen state. Therefore, we decided to apply PTVM to characterize RH of 
microgels as a function of pH and results are shown in Fig. 2.5, which displays the 
normalized hydrodynamic radius as a function of pH. Below pH = 3.5, pNIPAm-co-AAc 
swells very slightly with increasing pH, at higher pH, microgels swell more rapidly up to 




Figure 2.5 Normalized RH of pNIPAm-co-AAc microgels with AAc 10 wt% as a 
function of pH; measurements were made at 23 °C and normalization is performed based 
on RH at pH 3.0. 
 
 
Dynamic swelling/deswelling of microgels 
 Dynamic studies of swelling/deswelling behavior of microgels coupled with 
diffusion inside microgels are of importance for practical applications as drug delivery 
carriers [34], chemical sensors [35, 36], micro-lenses [37] and as actuator systems in 
microfluidic devices [38, 39]. While the temperature-responsiveness of pNIAm-based 
microgels is well understood, the dynamics of pH-responsive microgels upon pH change 
have not been studied as extensively. By taking advantage of our microdialysis cell that 
enables solvent manipulation without sample replacement [27], we can manipulate the 
pH of pNIPAm-co-AAc microgel suspensions and apply PTVM to investigate the 
transient swelling/deswelling in situ without the need for mechanical mixing; with 
conventional methods such reversible pH variations are impossible. Furthermore, PTVM 
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coupled with the microdialysis cell requires only miniscule amounts of sample (about 1 
µL). Due to the small feature size of the sample chamber (~100 µm height), the response 
time of the microdialysis cell to solvent change occurs less than 10 min. 
 In figure 2.6, we show the dynamic swelling/deswelling of pNIPAm-co-AAc 
microgels. We measured RH of the microgels inside the microdialysis cell for various 
AAc comonomer ratios by alternating the pH between 3.0 and 5.0 repeatedly, as shown 
Fig. 2.6(a). It is clear that, regardless of the AAc fraction in the polymer network, 
pNIPAm-co-AAc microgel swelling/deswelling is reproducible and reversible. Figure 
2.6(b) shows the relative swelling ratio of pH-responsive microgels as a function of AAc 
concentration. It is clear that microgels swell more as the concentration of AAc increases. 
However, above 10 wt% AAc, the swelling ratio levels off. This observation implies the 
existence of critical concentration of AAc for swelling/deswelling. Addition of AAc 
group into the network beyond this critical concentration is chemically possible but 
additional swelling is physically constrained by crosslinks inside the polymer network.  
Additional ionic groups exceeding critical concentration do not play a significant role in 
the swelling transition. It is important to point out that the reversible changes of sample 
solvent composition in the sample chamber is achieved by diffusion transport through the 
nanoporous membrane, as shown in Fig. 2.3 (c). Although we change the solvent 
composition in the reservoir channel almost instantaneously (within a few seconds) by 
switching the direction of the valve system, there is an intrinsic delay because of the 
membrane diffusion. The time dependent swelling/deswelling of all pNIPAm-co-AAc 
microgels occurs on a similar time scale, as can be seen in Fig. 2.6(a), which likely 
reflects the diffusion of pH buffer through the membrane, not the kinetics of microgels 
themselves. 
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  (a) 
 
  (b) 
 
Figure 2.6 Dynamic swelling/deswelling of pH-responsive microgel suspensions in the 
microdialysis cell. (a) Top: Normalized RH of pNIPAm-co-AAc microgels upon pH 
changes between 3.0 and 5.0 as a function of. Bottom: imposed pH profile in the 
reservoir channel. (b) Relative swelling ratio of pNIPAm-co-AAc microgels as a function 
of AAc content. Swelling ratio was normalized with RH at pH 3.0. All experiments were 




We have demonstrated the efficacy of PTVM for determining the diffusion coefficient 
and hydrodynamic radius of colloidal particles. First, we benchmarked PTVM by 
comparing the results for polystyrene colloids with PCS data and excellent agreement 
was found. Then we investigated the swelling-transition of pH-responsive pNIPAm-co-
AAc microgels as a function of pH in regular, static sample chambers and confirmed the 
pH-responsive changes of RH for pNIPAm-co-AAc microgels upon pH change. We also 
successfully investigated the dynamics of swelling/deswelling of pH-responsive 
microgels upon pH change in situ by using PTVM in combination with a microdialysis 
cell that allows direct manipulation of solvent composition in a controlled manner. The 
results showed that the size changes upon pH change are reversible and reproducible. 
These dynamic experiments would have been impossible with conventional 
characterization techniques (PCS, EM). PTVM coupled with the microdialysis cell can be 
used to explore the kinetics of stimuli-responsive materials upon various environment 
changes. 
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2.3 Direct temperature measurement from colloidal suspensions∗ 
 Microsystems for chemical and biological analysis require precise control over  
the temperature inside microfluidic devices, because temperature can significantly affect 
biological or chemical processes [40, 41].  For example, on-chip amplification of DNA 
sequences by Polymerase Chain Reaction (PCR) demands precise temperature control 
over time and space [40] and another study has demonstrated the importance of 
temperature effects in systems for capillary electrophoresis [41]. A reliable on-chip 
temperature measurement method is essential to design and operate microsystems 
effectively. However, current methods have several drawbacks. For instance, 
microfabricated thermocouples for microfluidic devices can measure temperature only at 
fixed positions and involve complex lithographic processing steps [42]. A newly 
developed spectroscopic method can provide temperature measurements with sub-micron 
spatial resolution by taking advantage of the temperature dependence of material 
properties of chemicals [43, 44]. However, this spectroscopic method requires a light 
source with constant fluorescence intensity and a specialized, expensive experimental 
apparatus, for example multi-photon confocal microscopy. Temperature sensitive dye can 
also be adsorbed to samples and toxicity makes many of such chemicals unsuitable for 
biological samples. In this section, we present a novel in situ temperature measurement 
method using the Brownian motion of nanoparticles via PTVM. First, we evaluated the 
PTVM-based temperature measuring technique by directly comparing is with a currently 
available method. We then applied the technique towards 2D and 3D temperature 
mapping in a microfluidic device. This method has several advantages; (i) the video-
                                                 
 
 
∗ The work in this section was published as part of ‘Three-Dimensional in situ Temperature Measurement 
in Microsystems using Brownian Motion of Nanoparticles’, K. Chung, J.K. Cho, E.S. Park, V. Breedveld 
and H. Lu, Anal Chem, 81, 991 (2009, equal contribution). 
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microscopy of colloidal tracer particles is insensitive to fluctuations in fluorescence 
intensity and can even be performed with brightfield microscopy, (ii) three-dimensionally 
resolved temperature measurements can be achieved by simply adjusting the focal plane 
of an optical microscope, and (iii) the properties of tracer particles can be easily tuned for 
specific applications.  
2.3.1 Experimental Section 
 For PTVM, carboxylate-modified polystyrene particles (FluoSpheres®, 
Invitrogen) with 0.25 µm radius were used.  The fluorescent particles were suspended in 
DI water for temperature measurement.  Before every experiment, the particle 
suspensions were sonicated for ~30 min to prevent aggregation. For validation of PTVM 
vs. thermocouple, a sample chamber was created with a microscope slide and coverslip 
separated by ~300 µm, using parafilm as spacer. The particle suspension was loaded into 
the chamber, which was sealed with vacuum grease after the insertion of the 
thermocouple (HH202A, Omega). For temperature measurements in microfluidic 
devices, the particle suspension was introduced after sonication and the device was sealed 
with solid metal pins to eliminate evaporation. To create temperature gradients in the 
devices, hot and cold streams were generated by flowing DI water (hot fluid) and 30 wt% 
sodium chloride solution (cold fluid) off-chip through temperature-controlled copper 
tubing, and then introduced into the temperature control channels via constant pressure-
driven flow. Temperatures of the copper tubing were controlled using a water-bath for the 
hot fluid and a Peltier cooler for the cold fluid. The flow rates of the hot and cold streams 
were set to be high enough (typically 5 ~ 10 mL/min) that the temperature differences 
between inlet and outlet temperature of the streams were less than 1 °C. More detailed 
information about the microfluidic devices is provided in detail elsewhere [45].  
 To measure the Brownian motion of fluorescent nanoparticles in the particle 
channels, an inverted optical microscope (Leica DM-IRB) with 63× air and 63× oil-
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immersion objectives was used and movies were captured using a CCD camera (Cohu, 
Poway, CA) at 30 frame/s and with 640 × 480 pixel resolution. Subsequently the 
recorded movies were analyzed via PTVM as described in Section 2.1. The spatial 
resolution of PTVM in the vertical (axial) direction was measured with a 100× oil-
immersion objective. 
2.3.2 Results and Discussion 
Temperature measurement from Brownian motion 
 Before we apply PTVM to microfluidic devices, the reliability of temperature 
measurement with PTVM was evaluated by comparing it directly with data from a 
thermocouple. From the trajectories of colloidal particles, one could obtain the 
temperature (T ) from MSD via the Stokes-Einstein relation, provided that the medium is 
Newtonian and that its viscosity is known as a function of temperature: 
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 We measured the MSD of the polystyrene particles over a temperature range from 
1 °C to 50 °C and values measured via PTVM are in excellent agreement with the 
corresponding temperature measured by a thermocouple, appearing in Fig. 2.7. When 
using 500 nm (±15 nm) particles, this method provides an overall accuracy of 




Figure 2.7 Comparison of temperature data by both PTVM and thermocouple 
temperature (TC). The dotted line, which has a slope of 1, represents perfect agreement 
between the two methods. The inset depicts the experimental set-up that enables 
temperature measurement via both PTVM and thermocouple. 
 
2D temperature measurement 
 As a demonstration of the capability of our method to measure spatial variations 
of temperature, we first performed temperature measurements in a microfluidic device 
that was specifically designed to generate a 2D temperature gradient within the field of 
view of the microscope.  Figure 2.8(a) depicts an isolated sample chamber filled with 
particle suspension, surrounded by two parallel temperature control channels. We first 
measured the temperature distribution at room temperature without imposed temperature 
gradient as shown in Fig. 2.8(b). The result shows average temperature of ~ 22 °C with 
standard deviation of 0.62 °C, which gives another indication of the temperature 
resolution one can obtain with our technique. To generate a temperature gradient across 
sample chamber, we used a cold stream of ~ 5 °C and a hot stream of ~ 35 °C.  Figure 
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2.8(c) illustrates the measured temperature distribution in the presence of a temperature 
gradient. The measured temperatures were compared with numerical predictions and 
gave a good overlap. Numerical predictions for heat transport were obtained using 
commercially available finite element software, COMSOL (previously known as 
Femlab). More details about the numerical calculations are provided in reference 45. This 
experiment demonstrated that PTVM enables spatially resolved temperature 
measurements within the field of view of the microscope with a spatial resolution of ~12 
µm. Although the theoretical optical resolution for our 63× objective is less than 1 µm 
and each single particle trajectories can be used to produce local temperatures, we had to 
discretize the field of view as shown in Fig. 2.8(b) ~ (c) so that each domain contains 
multiple trajectories of particles in order to obtain meaningful statistics, thus sacrificing 
some spatial resolution. However, the resolution can be easily improved by using an 
objective with higher magnification, high-speed camera, or higher particle concentrations 




Figure 2. 8 Temperature measurement in 2D (a) Schematic of a microfluidic device. The 
temperature control channels colored with red (hot stream, 35 °C) and blue (cold stream, 
5 °C) was 200 µm × 80 µm (width × height) and the tracer particle loading channel 
colored with yellow was 60 µm × 80 µm (width × height). (b) 3D contour plot of 
measured temperature distribution at room temperature. (c) 3D contour plot of measured 
temperature distribution with temperature gradient. 
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3D temperature measurement  
 We finally applied our method to measure the temperature distribution in the 
vertical (out of image plane) direction, to demonstrate potential application of our method 
for a multi-layered microfluidic device. Before performing temperature measurements in 
the vertical direction, we first evaluated the inherent spatial resolution of PTVM. To do 
this, we created a single layer of particles on a substrate and imaged this layer for 
different focal plane locations, which were controlled by means of a high resolution 
Piezo-controlled microscope stage. We then analyzed the pictures via PTVM. The results 
appear in Fig. 2.9 for different particle sizes and objectives. For conventional optical 
microscopy, the depth of focus (DOF) is the essential factor that determines axial 
resolution, as illustrated in Fig. 2.9(a). Objectives with a high numerical aperture (N.A.) 
collect more light, which enhances both lateral and axial resolution. Only particles within 
DOF can be observed through conventional microscopy, although it must be noted that 
the image analysis algorithm can artificially reduce DOF by applying strict criteria for 
particle recognition. Figure 2.9(b) shows the percentage of particles identified via PTVM 
as a function of focal plane position. As expected, the high NA 100× objective has 
narrower DOF than the 63× objective. Also, the detection efficiency of smaller particle 
decays faster than for larger particles. It is reasonable to conclude from the Figure that 
0.5 µm fluorescent particle provide an axial resolution of ~1 µm, since roughly 50 % of 
the particles becomes unidentifiable beyond ± 0.5 µm from the focal plane.  
To evaluate the ability of our method to resolve axial temperature gradients, we 
fabricated a multi-layered microfluidic device, shown in Fig. 2.9(c). To ensure uniform 
lateral temperature in the sample chamber, we sandwiched the sample chamber between 
two insulating air channels. In the axial direction, the sample chamber was bounded by 
the cooling channel and the glass cover slip. Temperatures were measured as a function 
of height by shifting the focal plane across the sample chamber. The results were again 
compared with predictions from a COMSOL numerical model [45]. We observed a 
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temperature gradient of ~ 10 °C across the 70 µm thick channel and found good 
agreement between experimental and numerical results, as shown in Fig. 2.9(d). 
Deviations from numerical calculation at 1 µm can be easily explained as an artifact due 
to wall effects. When particles are close to a wall, hydrodynamic coupling between the 
particles and the wall hinders Brownian motion of particles, resulting in suppressed 
diffusion, which was erroneously interpreted as a low sample temperature by our 





Figure 2.9 Temperature measurement in 3D via PTVM. (a) Schematic representation of 
DOF in conventional optical microscopy. (b) Percentage of particles recognized via 
PTVM as a function of the position of the focal plane. Spheres, diamonds, and triangles 
represent data for 0.20 µm, 0.37 µm, and 0.50 µm radius fluorescent polystyrene 
particles. Solid and dashed lines are for 100× and 63× objectives, respectively (c) 
Schematic of microfluidic device: (Top) sample chamber is surrounded by two air 
insulation channels, a cooling channel, and glass cover slip. (Bottom) Cross-section of 
the microfluidic device. (d) Temperature gradient in axial direction measured with 63× 
oil-emulsion objective. Symbols represent experimental measurements via PTVM and the 




 In this section, we demonstrated that the Brownian motion of colloidal particles 
analyzed by PTVM can be used to measure the local temperature in microfluidic devices. 
The comparison with data from a thermocouple showed that PTVM can provide accurate 
and reproducible temperature measurements. Our method was also applied to measure 
temperature gradients in-plane and out-of plane in microfluidics devices and the results 
were in good agreement with predictions from numerical finite element models. Our 
experimental technique had a lateral (in plane) spatial resolution of ~ 10 µm and axial 
(out-of-plane) resolution of 1~2 µm. Our method can also be combined with microscopy 
in DIC mode or bright-field mode. The usage of a high speed camera and smaller 
particles can further improve both temporal and spatial resolution. 
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2.4 Rheological property characterization from PTVM 
 Phase behavior and interactions between nonionic water-soluble polymers have 
been studied extensively because these materials are of interest as template materials for 
nanoparticle synthesis [46-49] and as viscosity modifying additives for industrial 
formulations (e.g. paints/coatings, detergents, cosmetics, and pharmaceutics) [50-53]. 
One particularly interesting class of nonionic polymers are triblock copolymers of 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO or 
EOnPOmEOn, commercially available under the trade names Pluronics (BASF) and 
Poloxamers/Synperonics (ICI)). These polymers can self-assemble into various structures 
in aqueous solution, which has attracted great attention [54, 55]. In summary, the 
molecular microstructure of solutions of these triblock copolymers is determined 
primarily by temperature and concentration, as illustrated in Fig. 2.10. At low 
temperature or low concentration, the copolymers exist in solution as randomly coiled 
single molecules, unimers. With increasing temperature or concentration the PEO-PPO-
PEO copolymers self-assemble to form micelles due to the limited solubility of the PPO 
block above the critical micelle concentration (CMC) or critical micelle temperature 
(CMT)  [56]. The structure of the triblock copolymer micelles has been investigated by 
various light scattering techniques and these studies revealed that they consist of a core of 
hydrophobic PPO with low water content and outer layer with hydrated PEO blocks [57-
59]. A further increase of temperature or concentration to values above the critical gel 
concentration (CGC) or critical gel temperature (CGT) leads to micelle aggregation and 
gelation.  
 Recently, the structure and the mechanisms of various gel phases composed of 
close-packed arrays of micelles have been investigated via light scattering, NMR and 
rheometry [60-63]. In spite of these studies, the phase behavior and the properties of the 
triblock copolymer solutions at high concentration and/or high temperature are not well 
 52
understood. Small-angle neutron scattering (SANS) studies have suggested that the 
micelle formation and gelation of the triblock copolymer mimics the phase behavior of 
hard spheres with a body-centered-cubic crystalline phase (BCC) [61, 63-65]. Although 
there has been a report using small-angle x-ray scattering (SAXS) that provides no 
evidence for the existence of micellar cubic crystals [66], most experimental and 
theoretical results show that the gel is in cubic liquid crystalline mesophases with 
micelles as building blocks. Other recent studies on the temperature dependence of 
micellization of the PEO-PPO-PEO copolymers have indicated that the micellization 
occurs over a broader temperature range, suggesting potential heterogeneity in the 
gelation process on the macro- or micro-scale [67, 68]. The purpose of this section is to 
investigate the mechanism and dynamics of gelation of two PEO-PPO-PEO block 
copolymers (F-127 and F-68) systematically using a combination of conventional 
rheology (oscillatory shear measurements) and PTVM to obtain rheological properties on 
different length scales. 
 
 
Figure 2.10 Phase behavior of PEO-PPO-PEO triblock copolymers in aqueous solution. 
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2.4.1 Experimental Section 
Materials and sample preparation 
 Pluronics F-127 (EO100PO70EO100, MW ~ 12600 g/mol, 70 wt% of PEO) and F-
68 (EO80PO30EO80, MW ~ 8350 g/mol, 80 wt% of PEO), both from Sigma Chemicals 
were used without further purification. Aqueous copolymer solutions at concentrations 
ranging from 15 to 20 wt% for F-127 and from 35 to 40 wt% for F-68 were prepared in 
DI water. Since PEO-PPO-PEO triblock copolymers have better solubility in water at low 
temperatures, the solutions were kept in a refrigerator overnight and then placed on a 
slow roller until the solutions became homogenous. To prevent bacterial growth, the 
samples were stored in the refrigerator for no more than 3 days before use. 
Macro-rheology measurements 
 Oscillatory shear measurements were carried out using a Peltier-controlled 
Rheometer (MCR300, Anton Paar) with cone-plate geometry (50 mm diameter, 1° cone 
angle). The temperature-induced gelation was studied by increasing the temperature at a 
heating rate of 0.2 °C/min. A strain amplitude of 1 % was employed to ensure that all 
oscillatory measurements were conducted in the linear viscoelastic region, where the 
dynamic storage modulus (G´) and loss modulus (G˝) are independent of strain 
amplitude. Strain amplitude sweeps confirmed that non-linear responses are incurred for 
strain amplitudes above 10 %. 
Micro-rheology via Particle Tracking Video Microsocopy 
 Information about the local rheological properties of the sample was obtained by 
performing statistical analysis of mobility of colloidal tracer particles via PTVM. To 
prevent non-specific adhesion of polymers to the particles and particle aggregation, PEG-
coated carboxylate-modifed polystyrene microspheres (Invitrogen) of 0.50 µm were 
dispersed in the aqueous PEO-PPO-PEO triblock copolymer solutions [69].  After mixing 
the particle suspension in the copolymer solution at ~ 0.06 solid wt%, the mixtures were 
gently sonicated to prevent particle aggregation. The samples were then loaded into ~ 100 
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µm thick sample chambers, which were created by placing Parafilm spacers between a 
microscope slide and a cover slip, and sealed with vacuum grease to prevent evaporation. 
The samples were placed on the Peltier-controlled thermal microscope stage (PE100-LI2, 
Linkam Scientific Instruments Ltd.) and an objective heater (PN150819, Bioptech) was 
used to further improve temperature control. The 100× oil-immersion objective was used 
for measurements above 33 °C and the 63× air-objective was used below 33 °C. To 
ensure that there are no artifacts associated with the use of different objectives, we 
confirmed agreement between data collected with the two objectives at intermediate 
temperatures. Samples were equilibrated at different temperatures, so that the rheological 
properties remained constant during the image acquisition. 
2.4.2 Results and discussion 
Temperature-induced gelation with oscillatory shear measurement 
 The gelation (sol-gel transition) of F-127 and F-68 solutions as a function of 
temperature was measured using bulk oscillatory shear measurements (1 rad/s, 1 % 
strain) at varying concentrations. The storage modulus G' and the loss modulus G" were 
monitored as a function of temperature to describe the evolving viscoelastic properties 
during temperature-induced gelation, as shown in Fig. 2.11. The crossover of loss and 
storage modulus on a curing curve can be interpreted as a gelation point, a temperature 
where the system changes from a predominantly viscous liquid to a viscoelastic solid at 
the specific frequency; careful studies over a wide frequency range are necessary for a 
more accurate definition of gelation. The results from our rheology measurements show 
that the gelation temperature and gel strength increase with increasing concentration of 
polymer. Starting at low temperatures, for all solutions, G' and G" increase by two or 
more orders of magnitude with increasing temperature before G' approaches a steady 
value, indicating that the solution has changed from a liquid to a gel-like state. For F-127, 
the curves for G' and G" as a function of temperature show a single transition at 
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concentrations below 16 wt% and distinct two-step S-shaped rheological transitions for 
concentration above 16 wt%. For example, for F-127 at 18 wt%, G˝ is higher than G´ at 
low temperatures, as typically observed in the case of viscoelastic liquids. At 21 °C, G´ 
shows a relatively abrupt increase, crossing G˝ and reaching 10 Pa at 23 °C, the signature 
of the formation of a weak gel. At higher temperatures, G´ and G˝ tend towards a first 
plateau (G´ ~ 70 Pa at 25 °C), after which a sharp secondary S-shape transition is 
detected upon further heating (from 100 Pa at 25.5 °C to 3000 Pa at 27.5 °C). Finally, a 
second plateau is reached for G´ ~ 10 kPa at 35 °C. Apparently, the gelation process 
involves very complex conformational changes as indicated by two S-shaped transitions: 
a broad transition at low temperature followed by a sharp transition at higher temperature. 
Qualitatively similar behavior is observed for F-68 solutions, albeit at much higher 
polymer concentrations, ranging from 35 to 40 wt%, as shown in Fig. 2.11(b). If we focus 
on F-68 at 38 wt%, at 30 °C the first transition occurs with both G´ and G˝ increasing 
upon heating (G´ ~ 0.25 Pa at 30 °C and 350 Pa at 33 °C), with a crossover of G´ and G˝ 
at ~ 31 °C. The second, comparatively sharp S-shaped transition is observed above 43 °C 
and G´ finally reaches a plateau of ~ 20 kPa. 
  (a) 
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  (b) 
 
Figure 2.11 Rheological Property of triblock copolymer F-127 and F-68 solutions during 
oscillatory shear measurement with various concentrations as a function of temperature. 
(a) aqueous F-127 and (b) aqueous F-68. Solid symbols and Open symbols represent 
storage modulus (G') and loss modulus (G"), respectively. 
 
Temperature-induced gelation with micro-rheology 
 We measured morphological changes of the triblock copolymer solution on the 
micrometer scale during gelation by using PTVM micro-rheology. For F-127, we focused 
our attention on the intermediate concentration of 18 wt%, which clearly shows a two-
step transition of G´ and G˝ as a function of temperature. It is important to realize that the 
results from macro-rheology represent an ensemble-averaged result over the entire 
sample volume in the rheometer and do not reveal details about the local microstructure 
during gelation. However, as discussed at the beginning of this section, there is a 
possibility of heterogeneity during phase transition and the PTVM offers the opportunity 
to investigate sample heterogeneity by calculating MSD values for individual tracer 
particles, similar to the spatially resolved temperature measurements in Section 2.3. 
Figure 2.12 shows the spatial distributions of tracer mobility in the microscope field of 
view in the form of contour plots for F-127 and F-68 solutions at various temperatures. 
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The color scale is consistent for all four images of each sample, with darker colors 
corresponding to lower tracer mobility. For a homogeneous sample, the mobility of 
monodisperse tracers at a fixed relaxation time is expected to be homogeneous. However, 
Fig. 2.12 clearly shows a transition from homogeneous to heterogeneous particle 
mobilities during gelation. For instance, for the F-127 solution at 18 wt%, at the lowest 
temperature we found a homogenous distribution of tracer mobility, while at 26 and 27 
°C we observed a heterogeneous microstructure with coexisting domains of low- and 
high-mobility. At even higher temperature of 29 °C the system is much more 
homogeneous, similar to the situation at 25 °C, albeit at lower average mobility. 
Interestingly, the onset of microscopic heterogeneity corresponds exactly to the second, 
sharp S-shaped transition in the bulk rheometry measurements. Figure 2.12 (b) shows the 
corresponding micro-rheological data for an F-68 solution at 38 wt%. The trend is very 
similar to F-127: over a very narrow temperature range, between 42 and 43 °C, 
microscopic heterogeneities appear in the sample and these temperatures again 
corresponding to the temperature at which the second, sharp transition occurs in macro-
rheology. No data are shown above 43 °C for the 38 wt% F-68 solution due to limitations 
of our objective heater which does not provide reliable sample heating beyond 43 °C 






Figure 2.12 Contour plot of the spatial MSD distribution (for 0.2 sτ = ) of 0.50 µm PEG-
coated carboxylate-modified tracer particles for F-127 and F-68 solutions during 
temperature-induced gelation. (a) in 18 wt% aqueous F-127 and (b) in 38 wt% aqueous 
F-68 solution at different temperatures.  
 
 Another interesting result was obtained by analyzing the MSD distributions of 
tracer particles during gelation more quantitatively, as shown in Fig. 2.13. For a 
homogeneous sample, the distribution of tracer mobilities is expected to be Gaussian and 
the corresponding cumulative probability distribution should therefore be S-shaped. 
Figure 2.13(a) clearly supports the picture that arose in Figure 2.12(a): homogeneous 
microenvironments for the tracer particles are found at 25 and 29 °C. In contrast, strong 
heterogeneity is observed at 26 and 27 °C, as indicated by cumulative distributions with 
two distinct plateaus and a “double S-shape”. In fact, Figure 2.13(a) shows that over this 
entire temperature range, the particles can be divided into two populations, a slow and a 
fast population. Furthermore, the relative magnitude of the two steps in the cumulative 
distribution changes, but the location of the steps remains the same. This suggests that the 
rheological nature of the microenvironment around both particle populations remains the 
same, but that the balance between the populations shifts with temperature, with a larger 
fraction of slow particles at higher temperatures. The heterogeneous processes detected 
by PTVM were reversible and a very similar trend was observed for F-68 as well, shown 
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in Fig. 2.13(b), although the homogeneously slow sample was beyond our temperature 
range in this case. 
 
  (a) 
 
  (b) 
 
Figure 2.13 Cumulative MSD distributions ( 0.2 sτ = ) as a function of temperature for 
0.50 µm PEG-coated carboxylate-modified spheres during temperature-induced gelation 
of (a) 18 wt% aqueous F-127 solution and (b) 38 wt% aqueous F-68 solution. 
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 Based on results from both macro-rheology and micro-rheology, it is obvious that 
temperature plays an important role in the micelle formation and following gelation of 
micelles. Macro-rheology showed a distinctive two-step transition and micro-rheology 
showed heterogeneous microscopic phase separation during the second transition 
observed by macro-rheology. It is interesting to point out that the transition was so 
intricate that fast heating or lack of thermal control resulted in a convoluted phenomenon, 
one step transition. By using reduced heating rate measurement, we were able to 
differentiate the two-step transition which is consistent to data for other block copolymer 
systems [70, 71]. Interestingly, micro-rheology did not show significant changes of 
sample rheology at temperatures below the microphase separation. Below the second 
transition temperature detected in the rheometer, microrheology experiments revealed 
Newtonian behavior, without any signs of elasticity. We explain this apparent 
discrepancy as follows: Temperature increase above CMT induces micellization of PEO-
PPO-PEO copolymers which enhances viscosity of system. At the same time the 
hydrophobic PPO blocks accumulate to air-water interface at the edge of the sample, 
eventually the concentrated PPO-PEO-PPO copolymers form ordered layer structure near 
the interface as shown in Fig. 2.14. The accumulated polymers at the surface enhance the 
viscoelasticity and the increase in moduli suggests the degree of surface coverage 
changes as a function of temperature, prior to the formation of bulk gel. This behavior 
has been reported by many researchers. For instance, Munoz et al. studied the adsorption 
kinetics of PEO-PPO-PEO copolymers at the air-water interface [72]. They showed that a 
first diffusion-mediated adsorption kinetic process, eventually leading to the formation of 
brush-like structures at the surface, was followed by slow molecular rearrangements and 
internal reorganization of the brush. It is therefore reasonable to assume that the increase 
in both elastic and viscous moduli seen at primary transition temperatures below the gel 
point could at least partly find their origin from the development of a structured layer air-
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water interface. From micro-rheology which only measure in the bulk without interface, 
we do not observe the behavior.  
 The second transition, we believe as CGT, is clearly observed by both macro-
rheology and micro-rheology. Micro-rheology clearly visualizes the occurrence of a 
progressive structural reorganization into cubic crystal phase: microscopic phase 
separation between growing elastic domains (the aggregation of micelles) and shrinking 
viscous domains (free-fluid with micelles), as evidenced by both Fig. 2.12 and Fig. 2.13. 
At sufficiently high temperature, the system eventually converts to a homogeneous strong 
gel. It is also manifest from macro-rheology that sharp increase of moduli reflects the 
overlap between micelles and intermicellar distances decrease.  
 
  (a) 
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  (b) 
 
Figure 2.14 Hypothesis for a two-step gelation of PEO-PPO-PEO copolymer solution. 
(a) Schematic formation mechanism of temperature-induced gel. (b) Schematic 
observations from macro-rheology for temperature-induced two-step gelation at the 
molecular level with increasing micellar concentration. 
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2.4.3 Conclusion 
We have investigated the changes in rheological properties of aqueous F-68 and F-127 
PEO-PPO-PEO triblock copolymers during gelation with oscillatory macro-rheology and 
with micro-rheology via PTVM. For macro-rheology measurements, oscillatory shear 
measurements were conducted on the polymer solutions with varying concentrations. It 
was found that the gelation process is complex, with multiple distinct transitions, a broad 
primary transition and a sharp secondary transition. The gelation is shifted towards lower 
temperatures at higher triblock copolymer concentrations and the strength of the 
viscoelastic samples increases with increasing polymer concentration. The F-127 and F-
68 solutions studied in this section show similar temperature-induced gelation behavior. 
Compared to macro-rheology which shows a two-step transition, micro-rheology was 
only able to detect the secondary transition, we attribute the changes in viscoelastic 
properties in the primary transition to the formation of micelles as well as the 
adsorption/surface layer formation of the copolymer at the air-water interface. Whereas, 
the secondary transition observed by both macro-rheology and micro-rheology is the 
result of micellar gel formation. While conventional macro-rheology enabled average 
measurement of bulk properties, micro-rheology provided localized microstructural 
information. The result shows that the combination of macro-rheology and micro-
rheology via PTVM is a useful and powerful tool to investigate physical property of 
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STUDY OF PHASE BEHAVIOR OF PH-RESPONSIVE MICROGELS 
WITH TUNABLE INTERACTIONS INSIDE MICROFLUIDIC 
DIALYSIS CELL∗ 
 
 We report investigations of the phase behavior of ionic microgel suspensions, 
which have emerged as an important model system for soft colloidal particles. The 
experiments were performed in a microfluidic dialysis cell that enables in situ 
manipulation of solvent composition. The effective particle volume fraction of 
suspensions of poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) microgel 
particles was tuned by altering the degree of ionization of AAc copolymer via changes in 
pH, thus causing swelling/deswelling of the microgel. The microdialysis cell enables 
reversible changes in the composition of the suspending medium (e.g., pH, ionic 
strength), while the dynamics of the microgel particles can be monitored simultaneously 
via video microscopy. With this device the phase behavior of these suspensions was 
probed efficiently over a wide range of pH conditions. Our study reveals that 
concentrated microgel suspensions exhibit the same equilibrium phases as hard sphere 
systems: liquid, crystal, and liquid-crystal coexistence, but with a much broader 
coexistence region than that found. A key difference is that the coexistence region was 
found to be much broader than for hard spheres. Additionally, non-equilibrium jammed 
                                                 
 
 
∗ This chapter has been submitted as “Study of Phase Behavior of pH-responsive 
Microgels with Tunable Interactions inside Microfluidic Dialysis Cell” by J.K. Cho, Z. 
Meng, L.A. Lyon, and V. Breedveld (2009). 
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states were observed upon rapid volumetric expansion of the microgels. The resulting 
phase diagram shows the importance of microgel deformability and illustrates the 
existence of complex interparticle interactions with interplay between a weak attractive 
force and soft repulsive interaction. 
3.1 Introduction 
 Over the past decades, phase behavior of colloidal suspensions has been 
extensively studied as a valuable model system [1-4], as they exhibit rich phase behavior 
ranging from gas to crystal, similar to atomic system. The interactions between colloids 
and between atoms show remarkable similarity and the larger size of colloids makes the 
time and length scales of their dynamics much more readily accessible experimentally. 
As discussed in Ch. 1, for the simplest colloidal system, a suspension of hard-spheres 
with a strongly repulsive interaction on direct contact, the effective particle volume 
fraction (φ eff) determines phase behavior, which is characterized by a transition from a 
liquid-like to crystalline or glassy state with increasing particle concentration. As 
experimental hard-sphere systems researchers have been using sterically stabilized poly 
(methyl methacrylate) (PMMA) [1, 5]. More recently, mesoscopic covalently cross-
linked microgels have attracted attention as soft-sphere model systems. The most widely 
used model colloidal microgel systems are those composed mainly of poly(N-
isopropylacrylamide) (pNIPAm) [6, 7]. In aqueous media, pNIPAm undergoes a 
reversible and continuous volume phase transition as a function of temperature [8], which 
provides temperature-tunability of φ eff [9, 10]. By introducing ionizable groups via 
copolymerization into the microgel network, additional tunability of particle size via pH 
and ionic strength change can be achieved [11]. The deformability of these soft colloidal 
microgels adds significant complexity to the interparticle potential and resulting phase 
behavior. Compared to hard sphere colloids, the combination of softness of the polymer 
 73
network and delicate balance between polymer-solvent/polymer-polymer interaction 
exhibit a much richer phase behavior [12].  
 In this chapter, we investigated the phase behavior of suspensions of stimuli-
responsive ionic colloidal microgels. By using the microdialysis cell with PTVM, we can 
observe the dynamics and phase behavior of the colloidal suspensions in situ with high 
temporal resolution. By changing the composition of the buffer solution, we have 
investigated phase transitions in two types of experiments. First, gradual stepwise 
changes in pH (∆pH = ± 0.1) were used to investigate the equilibrium phase behavior of 
the colloidal microgels. In a second set of experiments, large jumps in pH (and φ eff) were 
imposed, which result in non-equilibrium jammed phases, similar to glasses in colloidal 
hard sphere suspensions.  
 
3.2 Experimental Section 
 To control the solvent composition in a microgel suspension without affecting the 
particle number density, we utilized the microdialysis cell that is discussed in detail in 
Ch. 2. Because the microgels are about 50 times bigger than the pore size of the 
membrane (20 nm), the number density of microgels in the sample chamber remains 
constant during the experiments. Synthesis of pNIPAm-co-AAc microgels cross-linked 
with N, N’-methylene bis (acrylamide) (BIS) was carried out via free radical precipitation 
polymerization ( NIPAm : AAc : BIS = 84.3 : 14.7 : 1.0 in mol %) as reported elsewhere 
[11, 13, 14]. After freeze-drying, the particles were resuspended in aqueous media as 
needed.  All experiments were performed at 23 °C to prevent temperature-induced 
deswelling and the ionic strength of the pH buffers was kept constant at 15 mM with 
NaCl in order to minimize electrostatic interactions. We used an inverted optical 
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microscope (DM-IRB, Leica) in DIC mode and 100 × N.A. 1.3 oil immersion objective. 
To avoid wall effects, measurements were made at least 40 µm from the wall.  
 
3.3 Results and Discussion 
 For our pNIPAm-co-AAc microgels, the normalized radius is plotted in Fig. 3(a) 
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Figure 3.1 Normalized hydrodynamic radius of pNIPAm-co-AAc in dilute suspensions 
at 23 °C via PTVM; radii are normalized to the value at pH = 3.0, 0.88 µm and the 




 As pH increases, HR  shows strong swelling between pH ≈ 4 and pH ≈ 6 and a 
plateau is reached at higher pH values. Although Eq. (3.1) can be used to calculate 
changes in effective volume fraction ( effφ ) as a function of pH, additional information is 
required to determine the absolute value of effφ for microgels in suspension. In order to 
relate the mass concentration of microgels in the dispersion, c (weight of microgels per 
solution weight), to the volume fraction effφ , the shift factor k is used: eff kcφ = .  To 
determine k, one can use Batchelor’s model for the shear viscosity of dilute hard-sphere 
suspensions: 2/ 1 2.5 6.2r s eff effη η η φ φ= = + +  where rη , η , and sη  are the relative 
viscosity, suspension viscosity, and solvent viscosity, respectively [8, 15, 16]. For this 
study, the viscosity of dilute microgel dispersions was investigated with a stress 
controlled MCR 300  rheometer (Anton Paar) in 50 mm-1° cone and plate geometry with 
Peltier temperature control. At 23 °C and at pH = 4.37, we found k = 15.784 ± 0.323 for 
pNIPAm-co-AAc microgels by fitting experimental η  data at different mass 
concentrations to Batchelor’s equation. By combining this k value with Eq. (3.1), we can 
calculate effφ  at all mass concentrations c and pH values. 
 Equilibrium phase behavior studies of concentrated pNIPAm-co-AAc microgel 
dispersions were then carried out in the microdialysis cell by changing pH of the solution 
reversibly. It is important to point out that the solution composition within the sample 
chamber changes fully within less than 5 min [17]. To ensure equilibrium states in the 
suspension, we used gradual stepwise changes of less than 4 % in microgel volume (∆pH 
≈ 0.1). More than 90 % volume of pNIPAm-co-AAc microgel is water, so that density 
differences between microgels and medium are small and sedimentation can be 
neglected. In addition to its short response time, miniaturization of the system facilitates 
crystal growth in the microdialysis cell in comparison with other methods for assembly of 
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colloidal crystals, such as those based on sedimentation [18], evaporation of solvent [19], 
or centrifugation [11].  
 PTVM yields trajectories of individual microgels, which can be used to extract 
information about the colloidal dynamics of the suspension; in particular, it is useful to 
calculate both the ensemble-averaged mobility and the spatial distribution of microgel 
mobility to study phase transitions. In addition, the static structure of the suspension can 
be investigated by determining the pair distribution function ( ( )g r ) from the particle 
positions, or by directly applying a Fourier Transformation (FT) to the image. Figure 3.2 
shows how a 2.8 wt% pNIPAm-co-AAc microgel suspension evolves as effφ  is increased 
via pH. Like hard-sphere systems, microgel suspensions undergo phase transitions from 
liquid to crystal [20, 21]. At low effective volume fractions, effφ  = 43.5 %, the system is 
liquid-like: there is no obvious structure in the trajectories (Fig. 3.2(a)), the MSD contour 
plot shows that the mobility is high and homogeneous; and the image FT yields a vague 
ring-like structure, indicating isotropy and weak translational correlations. As effφ  is 
increased to 57.3 % and then 73.1 %, the colloidal suspension displays nucleation and 
crystal growth in liquid/crystal coexistence (Fig. 3.2(b) ~ 3.2(c)). Specifically, at effφ  = 
57.3 %, the particle trajectories and MSD contour plot show that nucleation occurs near 
the left bottom, where an area with hexagonal structure and low mobility develops. At 
effφ  = 73.1 %, most particles in the field of view have slowed down, although the right 
hand side still lacks structure and is more mobile. Eventually, the suspensions becomes 
fully crystalline, as clearly shown by the trajectories and the six-fold hexagonal pattern in 
the FT for effφ  = 83.5 %. The coexistence of disordered, mobile liquid domains and less 
mobile crystalline domains at the intermediate volume fractions is an equilibrium state of 




Figure 3.2 Structural evolution of pNIPAm-co-AAc suspensions at 2.8 wt% as a function 
of pH. The left figures show particle trajectories (duration 10 seconds) and the right 
figures are MSD contour plots (correlation time τ = 0.133 s) with consistent color-coding 
for all four concentrations. Insets and numbers in the right figures are direct FTs and effφ , 
respectively. All scale bars are 5 µm. 
  
 Figure 3.3 presents ensemble averaged dynamic and static characteristics of the 
samples introduced in Fig. 3.2. The average mobility is shown in a double logarithmic 
plot of MSD vs. correlation time τ (Fig. 3.3(a)). At low effective volume fractions (e.g., 
effφ  = 43.5 %), the slope of log(MSD) vs. log(τ) is close to 1, which indicates diffusive 
particle motion, while at effφ  = 83.5 %, the plateau indicates that microgel particles are 
caged. We also calculated the ( )g r  and the results are displayed in Fig. 3.3(b) [22]. For 
low effφ , we observe a typical liquid-like structure without long-range correlations. With 
increasing effφ , one can clearly observe that the peaks in ( )g r  become more pronounced 
and that a typical hexagonal long-range correlation develops. One interesting 
phenomenon is a shift of the nearest-neighbor peak from ~1.2 µm to ~1.4 µm, which 
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reflects the fact that φ eff  is increased via particle swelling due to deprotonation of AAc 
groups with increasing pH. 
 
  (a) 
 
  (b) 
 
Figure 3.3 (a) MSD and (b) g(r) for pNIPAm-co-AAc suspensions of 2.8 wt% at various 
effφ / pH values. The dashed line with slope = 1 represents diffusive motion.  
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 In addition to our equilibrium studies with gradual pH changes, non-equilibrium 
states can also be investigated with the microdialysis cell by imposing sudden large pH 
increase (∆pH ≥ 1, ∆ effφ  >> 20 %).  In Figure 3.3, we also present data for a 2.8 wt% 
suspension that underwent a large pH jump from 3.0 to 5.3. Although the final effφ of 73.1 
% is commensurate with liquid-crystal coexistence in case of gradual pH changes, the 
rapid microgel expansion instead results in an unordered, jammed state. The mobility 
(MSD) of this jammed state is close to the values found for the equilibrium crystalline 
state at 83.5 %, but ( )g r  is liquid-like with very weak long-range correlation. The 
jammed state did not show any signs of relaxation towards the equilibrium coexistence 
even after waiting for 24 hours. Jammed, glassy states have also been observed for hard 
sphere systems [23, 24] and they were always found in the pure crystalline region. In 
contrast, jammed disordered states for our pH-responsive microgel suspensions are found 
at volume fractions in the middle of the equilibrium liquid-crystal coexistence region. 
 The experiments described above were repeated at different microgel weight 
fractions in order to construct a full experimental phase diagram; the results are 
summarized in Fig. 3.4. All experiments were carried out at 23 °C (below the lower 
critical solution temperature (LCST) of NIPAm) with I = 15 mM. Under our 
experimental conditions, the Debye screening length is about 2.5 nm and van der Waals 
attractions can be ignored due to marginal differences in the refractive index. Gradual pH 
changes with equilibration times of more than an hour were used to achieve equilibrium 
phases. In these studies, large parts of the sample chamber were scanned to distinguish 
between pure phases (liquid or crystalline) and coexistence phase. Reversibility tests 
(alternatingly increasing and decreasing pH) were also performed to confirm the location 
of phase boundaries. Along the horizontal axis of Fig. 3.4 we have plotted the effective 
volume fraction, calculated based on the hydrodynamic radius of microgels in dilute 
suspension. One should be careful in interpreting this data: monodisperse hard spheres 
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are limited to volume fractions below 74 % due to maximum packing constraints, but 
microgels are both deformable and compressible, so that values of effφ  above 100 % can 
be obtained [25]. Obviously, compression/deswelling of the microgels would affect the 
physical meaning of effφ . In spite of this caveat, it is clear that the coexistence region of 
the microgel system is very broad in comparison with hard spheres, for which the 
coexistence domain ranges from effφ  = 49.4 % to effφ  = 54.5 % [2]. Also, the microgels 
start to crystallize at lower effφ  than hard spheres. Another interesting result is the 
coexistence regime which shifts to higher volume fractions and widens for higher pH; 
ultimately, the crystal boundary converges toward effφ  = 74 % which is reminiscent of 
the maximum packing fraction for hard spheres.  The jamming transition was determined 
by systematically performing experiments starting at initial pH 3.0 and jumping directly 
to varying final pH values. The jamming transition (solid lines in Fig. 3.4) marks the final 
pH above which unordered jammed states were observed that did not relax to liquid-
crystal coexistence after 24 hours. Below the jamming transition, the behavior in rapid 
expansion experiments was the same as from the equilibrium measurements with small 




Figure 3. 4 Phase diagram of microgel suspensions within the microdialysis cell as a 
function of pH. , , and  represent liquid, liquid/crystal coexistence, and crystal 
region, from equilibrium experiments, with the dashed lines indicating the phase 
boundaries. On the horizontal axis, the liquid/crystal coexistence region for hard sphere is 
marked. The inset displays the raw phase diagram, as function of pH for different weight 




The unusual phase diagram in Fig. 3.4 is the result of interplay between 
deformability/compressibility of particles and tunable attractive and repulsive interactions 
[26]. Crystallization at low effφ  with pH < pKa of AAc can be explained by weakly 
attractive forces due to hydrogen bonding between protonated AAc groups and amide 
groups, as described in previous studies [11, 12, 14, 26]. Increases in pH cause microgel 
swelling. Under these conditions crystallization seems to be frustrated by the 
deformability and compressibility of microgels, as indicated by unusual broad 
coexistence regime. For hard spheres, crystallization is driven solely by the increase in 
local entropy, since the interparticle potential renders energetic effects irrelevant. In the 
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microgel suspensions, on the other hand, particles can adjust their size by deswelling; 
although deswelling comes at an enthalpic cost, the higher global entropy of a liquid 
phase can off-set this. Our experiments show that crystallization of the swollen microgels 
(at high pH) requires much higher volume fractions than hard spheres and that the 
melting transition increases with pH. The crystallization also can be hindered because of 
intricate steric interactions between polymer chains on the surface as microgels have 
higher monomer density in the center and decays exponentially toward the surface with 
dangling polymer segments [27, 28]. This effect is more pronounced with pH increase. At 
the same time, when large particle volume changes are suddenly induced, microgel 
particles are kinetically trapped in concentrated unordered phases. Dangling polymer 
segments at the microgel surface [27, 28] can become entangled, which contributes to the 
inability of the jammed phase to relax towards the equilibrium structure.  It is important 
to realize the difference between the current study and our previously reported studies of 
the phase behavior of microgel suspensions in closed capillaries; for those experiments 
heating and subsequent quenching to 20 °C were used to prepare samples, analogous to 
the large pH jumps in the current work. Those earlier studies studied microgel dynamics 
over many days, revealing remarkable aging of microgel suspensions [12]. One key 
observation was slow crystallization over periods of many weeks, with slowly swelling 
particles; this phenomenon was attributed to the delicate balance between energetic and 
entropic effects that are unique to microgels.  Since these timescales can not be probed 
with our microdialysis cell, the current study focuses on the equilibrium behavior at 
relatively short time scales, which are made possible by the fast solvent response of our 
apparatus. 
 Crystal growth in colloidal suspension is the result of competition between 
thermodynamics and kinetics. For typical hard sphere systems, simulation results indicate 
that the face-centered cubic (FCC) structure has a higher entropy than hexagonal close-
packed (HCP) and is thus the most stable state [29]. However, the entropy difference 
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between FCC and HCP is minute and has been controversial. Under normal gravity 
conditions, hard sphere suspensions have been found to form a mixture of random 
hexagonal close-packed (RHCP) and FCC crystals [2]. In microgravity, on the other 
hand, FCC packing was never found, suggesting that a bias towards FCC is induced by 
gravity [30]. Interestingly, as shown in Fig. 3.5, the stacking sequence in our 
microdialysis cell experiments, where gravity is also negligible, was exclusively RHCP; 
crystal structures were determined by reconstructing stacking sequences of hexagonal 
layers from image sequences at different sample depths. 
 
   
Figure 3.5 Series of optical sections of optical microscopy images of pNIPAm-co-AAc 




 In conclusion, we fabricated a microfluidic device with which we can control the 
solvent composition in colloidal suspensions rapidly and reversibly. By integrating the 
microfluidic device with particle tracking video-microscopy, we were able to investigate 
the phase behavior of soft pH-responsive pNIPAm-co-AAc microgels. Like hard-sphere 
systems, microgels undergo liquid/crystal phase transitions. However, due to the 
deformability, compressibility and complex interparticle interactions, a broad 
liquid/crystal coexistence region was observed that shifts and expands to higher effective 
volume fractions with increased degree of microgel swelling (pH). We also determined 
the location of non-equilibrium, jammed states in the phase diagram, which were 
generated by rapidly expanding the volume of the microgels and stable for at least 24 
hours. Surprisingly, the boundary between non-jammed and jammed states is located in 
the middle of the equilibrium liquid/crystal coexistence domain. Finally, all crystals 
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TUNABLE ATTRACTIVE AND REPULSIVE INTERACTIONS 
BETWEEN PH-RESPONSIVE MICROGELS∗ 
 
 We investigated direct measurements of the pairwise interparticle potential 
between poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) colloidal 
microgels as a function of pH, as determined through Ornstein-Zernike analysis of the 
pair distribution function of quasi-2D dilute colloidal suspensions. The interaction 
potential ranges from purely repulsive at high pH due to electrosteric interactions to 
weakly attractive at low pH due to hydrogen bonding, which explains previous 
observations on the unique phase behavior of these particles in concentrated suspensions. 
 
4.1 Introduction 
 As discussed in Ch. 1, Colloidal suspensions display various phases and 
microscopic structures, ranging from random disordered to self-assembled ordered 
structures [1-4]. The phase behavior is determined by the effective volume fraction of the 
suspension and interparticle forces, such as van der Waals attractions, Coulombic 
interactions, steric repulsions and hydrogen-bonding. Understanding the interplay 
between these intermolecular forces is essential to control colloidal phase behavior, for 
                                                 
 
 
∗ This chapter has been accepted to soft matter as “Tunable attractive and repulsive 
interactions between pH-responsive microgel” by J. Cho, Z. Meng, L.A. Lyon, and V. 
Breedveld (2009), DOI:10.1039/<B912105F>. 
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example to fabricate ordered colloidal structures for specific applications. The majority of 
studies to date have been devoted to hard-sphere systems, which have simple 
intermolecular forces dominated by entropic excluded volume effects [5] and to other 
colloidal systems with relatively well-understood additional interactions, such as 
Coulombic repulsion and depletion attractions [6, 7]. Only fairly recently, soft and 
deformable particles, in particular star polymers and microgels, have attracted significant 
attention under the impulse of improved synthesis techniques. These soft colloidal 
systems are characterized by tunability of their softness and complex interparticle 
interactions, which result in rich phase diagrams and unique hydrodynamic behavior [8, 
9].  
 In spite of several studies on the phase behavior of colloidal microgels as a model 
system for soft spheres, both from our groups and from other researchers [10-14], direct 
measurements of the underlying interparticle interactions have not been reported. 
However, previous experimental observations in our groups have indicated that these 
interactions are non-trivial, especially in pNIPAm-co-AAc microgels. While the phase 
behavior of pure pNIPAm microgels can be explained relatively well by defining an 
effective volume fraction of particles and using hard-sphere-like interactions, the 
incorporation of AAc adds significant complexity to the system. Hard sphere theory is 
not sufficient to explain the dynamics of these pH-responsive microgels, as illustrated by 
the following examples from our own research. First, pNIPAm microgel suspensions are 
liquid-like below the hard sphere freezing volume fraction of 0.494, but pNIPAm-co-
AAc microgels were found to exhibit close-packed crystalline structures under 
experimental conditions that yield effective volume fractions below 0.40 [10]. In another 
study, we observed two unexpected phenomena: irreversible adhesion of pNIPAm-co-
AAc microgels to glass substrates in very dilute suspensions, and enhanced thermal 
stability of pNIPAm-co-AAc colloidal crystals at temperatures well above the volume 
phase transition temperature [11]. These observations were specific for low pH 
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conditions, where AAc groups are protonated and Coulombic repulsions are minimized, 
and strongly suggest the existence of an attractive interparticle potential. A third set of 
experiments provides further clues about the interparticle interactions: the microstructure 
of concentrated pNIPAm-co-AAc microgels was found to slowly evolve from diffusive 
to sub-diffusive liquid and ultimately to crystalline over several weeks of aging [13]. This 
last set of experiments suggests that the attractive interaction must be weak (< Bk T ); 
otherwise microgels should have formed aggregates or crystals on much shorter 
timescales [15]. On the other hand, if the attractive potential is only a fraction of Bk T , 
multi-particle interactions are required to form stable structures. The coordination of 
multiple particles into specific organized structures is statistically unlikely, which 
significantly slows the kinetics of formation. Based on all of these experimental results 
and for lack of other explanations, we have hypothesized previously that the interaction 
between pNIPAm-co-AAc microgels is pH-dependent: weakly attractive at low pH due 
to hydrogen bonding and repulsive at high pH due to electrosteric forces [13]. In 
particular the hypothesized existence of weakly attractive forces has been somewhat 
controversial, because there is no other colloidal system in which these forces are known 
to play a dominant role. We therefore aimed to measure the interparticle potentials 
experimentally to clarify this sticky issue. In this communication, we present 
measurements of the pairwise interparticle potential between colloidal pNIPAm-co-AAc 
microgels as a function of pH. The results were obtained from optical videomicroscopy 
of core/shell (C/S) microgel particles under quasi-2D confinement. To the best of our 
knowledge, no previous study has attempted to measure the interactions between stimuli-
responsive microgels as a function of environmental conditions. 
 Direct measurements of intermolecular forces have been achieved by a variety of 
methods, for example, surface force apparatus (SFA) [16], total internal reflection 
microscopy (TIRM) [17], atomic force microscopy (AFM) [18], and optical tweezers 
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(OT) [19]. However, each of these techniques has specific limitations that make it 
difficult to apply them to colloidal microgels. For example, AFM and SFA are well suited 
for interactions that are stronger than several Bk T . TIRM measures the equilibrium 
probability distribution of particles relative to a wall under the influence of gravity and 
thus requires density contrast between particle and fluid, which is not present in microgel 
systems. Furthermore, TIRM yields particle-wall interaction rather than particle-particle 
interactions. OT require a minimum refractive index difference between  particles and 
suspending medium in order to trap them in the laser beam, which highly swollen 
microgels do not offer. An alternative method is to extract the equilibrium pair 
interparticle potential between colloidal particles from measurements of the spatial 
particle distributions in suspension, based on liquid structure theory [20-22]. Key 
advantages of this method are its high sensitivity and the ability to measure particle-
particle interactions without external perturbations, which is important for soft materials 
like pNIPAm-co-AAc microgels that easily deform and compress upon external forces 
and are hypothesized to have weak interactions. The pair distribution function can be 
determined via optical microscopy, but this technique provides two important challenges. 
First of all, accurate detection of particle positions requires good imaging contrast, even 
though the demands are less stringent than for OT. Individual pNIPAm-co-AAC microgel 
particle can be tracked in differential interference contrast (DIC) mode, but the optical 
contrast is insufficient to accurately determine the positions of microgel particles at close 
separation, which is crucial to achieve pair distribution measurements that are suitable for 
potential calculations.  In order to solve this problem, we synthesized core/shell (C/S) 
microgel particles with a fluorescent polystyrene (PS) core and pNIPAm-co-AAc shell. 
These C/S particles can be tracked individually even at interparticle contact. Secondly, it 
is desirable to confine the colloidal particles to a quasi-2D geometry in order to prevent 
artifacts due to the projection of the actual particle positions in three dimensions to a two-
dimension video-microscopy image [23]. We achieve this by utilizing mono-disperse 
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colloids as spacers between glass slides to create a quasi-2D geometry with precisely 
controlled separation between the glass slides across a large sample area.  
 
4.2 Experimental Section 
Synthesis of core/shell microgels 
 The C/S colloidal microgels were synthesized via aqueous precipitation 
polymerization, using fluorescently labeled carboxylate-modified polystyrene (PS) 
microspheres (FluoSphere®, 0.50 µm diameter, Invitrogen) as seeds and creating a layer 
of poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) hydrogel as shell. 
NIPAm (Sigma-Aldrich) was purified by recrystallization from hexane (J.T. Baker) 
before use. AAc (Sigma-Aldrich), cross-linker (N,N’-methylene bis(acrylamide) (BIS); 
Fluka) and initiator (ammonium persulfate (APS); Sigma-Aldrich) were used as received. 
NIPAm (0.1333g; 81.3 mol%) / AAc (0.0148g; 14.2 mol%) / BIS (0.0100g; 4.5 mol%) 
were dissolved in 30 mL DI water containing purified microspheres. The colloidal 
suspension with reaction mixture was pre-heated to 60 ºC and purged with N2, followed 
by initiation by adding APS after 30 minutes. The reaction was performed at 60 ºC for 4 
hours and the synthesized C/S microgels were purified extensively by dialysis against DI 
water over 3 weeks to remove unreacted components. The polydispersity of the C/S 
microgels was determined to be less than 8 % by PCS measurements (Protein Solutions). 
Characterization hydrodynamic radius of core/shell microgels 
 The hydrodynamic radius HR  of the C/S microgels as a function of pH was 
characterized by PTVM. We selected PTVM over DLS to determine HR , because the 
latter is highly sensitive to the presence of impurities and small aggregates, which can 
explicitly be ignored during image analysis. The results are shown in Fig. 4.1, where HR  
has been plotted as a function of pH. Like pure pNIPAm-co-AAc microgel, ionization of 
AAc in the C/S microgels, induced by pH increase, results in reversible volumetric 
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swelling of the hydrogel shell as a result of the Coulombic repulsion between 
deprotonated AAc groups, ingress of cations from the medium, and a resultant osmotic 
pressure difference between the microgel and medium [24]. 
 
Figure 4.1 Hydrodynamic radius of stimuli-responsive C/S microgel particles as a 
function of pH at a concentration of ~ 0.01 wt%. The dashed line represents the radius of 
the fluorescent core, 0.25 µm. 
 
Fabrication of 2D confined cell 
 A uniform quasi-2D suspension in a confinement cell was created by using 
monodisperse hard colloidal particles as spacers between two glass slides, as previously 
described by our group [8] (see figure 4.2(a)). A dilute suspension of core/shell colloidal 
particles and 2.0 µm diameter polystyrene (Invitrogen) spacer particles was prepared in 
various pH buffers from pH 2 ~ 8 at constant ionic strength I = 15 mM. Prior to mixing, 
both species of particles were extensively purified with DI water by repeated 
centrifugation and washing steps. To ensure efficient and robust convergence of 
numerical calculations during data analysis, concentrations of the particle suspensions 
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were chosen so that all samples had a projected area coverage of ca. 10 % for each pH. A 
drop of the suspension was placed between a glass coverslip and microscope slide, excess 
fluid was removed to reduce the spacing between slides to the diameter of the spacer 
particles, and the cell was sealed with fast curing epoxy resin. To prevent adhesion 
between the C/S particles and glass walls, we gently sonicated the confinement cell and 
all measurements were made within 1 hr of sonication. An inverted optical microscope 
(Leica DM-IRB) with 100× N.A. 1.30 oil immersion objective and Peltier-cooled CCD 
camera (Cohu, Poway, CA) was used to record movies of the suspension and every 
measurement was performed at 23 °C. Typically, images of particles within a ~ 64 × 48 
µm field of view were captured for 10 min at 30 frame/sec and analyzed using image 
analysis routines in IDL software [25]. As explained above, imaging of the fluorescent 
PS cores is not affected by swelling-deswelling of the microgel shell and one can locate 
the position of particles accurately at all pH values; a representative image from 
videomicroscopy is shown in figure 4.2(b). The absence of out-of plane motion of the 
particles confirmed that the colloidal particle suspensions are quasi-2D. 
  (a) 
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  (b) 
 
Figure 4.2 (a) Schematic of experimental set-up in quasi-2D where r is the center-to-
center separation between C/S particles. (b) Representative image from fluorescence 
microscopy of C/S colloidal suspension in quasi-2D confinement cell at pH 6.0 and I = 
15 mM. For all pH conditions, C/S colloidal suspensions of ~ 10 % area density were 
used; only the PS core is visible in fluorescence microscopy. 
 
 
4.3 Results and Discussion 
 The pairwise interaction potential between colloidal particles in a medium can be 
determined from the equilibrium structure of particle suspensions [20-22]. In our case, 
this is quantified via the two-dimensional radial distribution function ( )g r , which 
provides the probability of finding neighboring particles at specific separation distances 
as shown in figure 4.3(a). Since single images only contain a moderate number of 
particles (ca. 200 within field of view), ( )g r  was obtained by averaging over 20,000 
frames to get meaningful statistics.  Theoretically, in the infinitely dilute regime ( )g r  can 
be related directly to the pairwise interparticle potential ( )u r  via the Boltzmann 
distribution as ( )0lim ( ) exp /n Bg r u r k T→ = −⎡ ⎤⎣ ⎦  where n  is the areal number density of 
particles. However, in reality, under the experimental conditions that are required to 
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measure ( )g r  accurately, multi-body interactions play a role and the multi-particle 
potential ( )w r  is found rather than ( )u r : ( )( ) exp / Bg r w r k T≈ −⎡ ⎤⎣ ⎦ . It is possible to 
extract ( )u r  from ( )w r  using the Ornstein-Zernike convolution integral equation in 
combination with a suitable approximate closure relation. The hypernetted chain (HNC) 
approximation (Eq. (1)) is known to be appropriate for soft spheres: [26]  
 
    ( ) ( ) ( )Bu r w r nk T I r= +     (4.1) 
 
The convolution integral can be solved iteratively from the experimental ( )g r data: 
 
   ( ) ( ) ( ) ( ) 21 1
A
I r g r nI r g r r d r⎡ ⎤′ ′ ′= − − − −⎡ ⎤⎣ ⎦ ⎣ ⎦∫    (4.2) 
 
 Our experimental results of ( )g r  for C/S colloidal microgels as a function of pH 
appear in figure 4.3(a). It is important to note that the microgels change their size as a 
function of pH. As expected, the position of the nearest-neighbor peak, therefore, shifts 
towards larger separation r  as the microgels swell at higher pH. It is also apparent from 
the lack of structure of ( )g r  that the quasi-2D C/S colloidal suspensions are liquid-like. 
Equations (4.1) and (4.2) were applied iteratively until convergence was achieved. We 
also confirmed that ( )u r is independent of areal density n by performing experiments at 
slightly different areal coverages.  The final results for ( )u r  as a function pH appear in 
figure 4.3(b). It is reasonable to assume that ( )u r  accurately reflects the interparticle 
potential between pNIPAm-co-AAc microgels, since the core (PS) is covered by a thick 
pNIPAM-co-AAc hydrogel layer. Clearly, ( )u r  is pH-sensitive and changes from 
attractive to repulsive as the pH increases.  
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  (a) 
 
 
  (b) 
    
Figure 4.3 (a) Pair distribution function g(r) of C/S colloidal suspensions as a function of 
r and pH. (b) Pairwise interaction potential between C/S colloidal suspensions as a 
function of normalized separation and pH. 
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 Although pNIPAm microgels have soft repulsive interactions, our experiments 
confirm that the incorporation of AAc to the polymer network alters not only the 
chemistry of the material, but also the physical behavior of microgels. At low pH values, 
the potential is attractive, but weakly, as we hypothesized; this is indicated by the depth 
of the potential well of less than Bk T  for pH 3.0 and 4.0. The attractive interaction is 
observed only below the pKa  (~ 4.15) of the AAc moieties, where the C/S particles have 
negligible surface charge. Additionally, the ionic strength of our buffers is 15 mM, so 
that the Debye screening length 1 3 nmκ − ≈  and Coulombic interactions should not play a 
major role in ( )u r on the lengths scales shown in Fig. 4.3(b) and the attractions in our 
system therefore differ from the attractions between like-charged particles previously 
reported by Grier group [21, 27]. 
 Attractive interactions in our system can be attributed to three forces: van der 
Waals attraction, hydrogen bonding between protonated AAc groups and amide groups, 
and hydrophobic interactions between isopropyl groups. The fact that the attractions are 
most pronounced at low pH leads to the conclusion that the major contribution comes 
from hydrogen bonding between AAc groups (e.g. salt-bridges) and acid-amide 
interactions. Another interesting feature is that the interactions are apparently long-range 
( ~ 50 nm), which can be explained with two phenomena: (1) the ambiguity between the 
physical size of the microgel particle, as defined by the outer dimensions of the fuzzy 
microgel interface, and the particle hydrodynamic radius and (2) the presence of dangling 
polymer chains at the microgel surface, which can be extended if the enthalpic gain of 
multiple hydrogen bonds overcomes the entropy penalty of stretching. At high pH (above 
the pKa  of AAc) where most of AAc moieties are deprotonated, the interaction between 
microgels is purely repulsive. This repulsive behavior is expected in the presence of 
charged, dangling chains protruding from the surface, providing electrosteric repulsion 
between C/S microgels. The current results are in excellent agreement with our previous 
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observations that were discussed above: Fig. 4.3(b) clearly shows that attractive 
interparticle interactions of magnitudes less than Bk T  exist in pNIPAm-co-AAc microgel 
systems and that these attractions can be attributed to hydrogen bonding. 
 
4.4 Conclusion 
 In this chapter, we have directly measured pairwise interparticle potentials ( )u r  
between pNIPAm-co-AAc microgel colloids in quasi-2D. We confirmed the existence of 
weak attractive potential below the pKa  of AAc, which is consistent with our previous 
observations and the interparticle potential changed to repulsive beyond the pKa . This 
pH-dependent long-range interaction implies that the origin of attractive interaction arises 
mainly from rearrangement/reorientation of multiple weak hydrogen bondings between 
acid/amide groups on dangling polymer chains. Our result clearly demonstrates that by 
incorporating additional functional groups in the network one can enhance tunability of 
interactions between colloidal microgels. It is likely that this tunable potential will open 
up new avenues for self-assembly of soft building blocks for advanced materials by 
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HINDERED DIFFUSION OF HARD AND SOFT COLLOIDS UNDER 
GEOMETRIC CONFINEMENT∗ 
 
 We have investigated Brownian diffusion of fluorescent colloidal particles under 
geometric confinement between parallel walls via particle tracking video microscopy. 
The hydrodynamic coupling between particle and confining walls hinders the diffusion of 
particles. Hard (polystyrene) and soft (polystyrene core with microgel shell) colloids 
were used to determine the effect of softness on hindered diffusion. Hindrance 
coefficients were obtained as a function of degree of confinement, i.e. spacing between 
walls. Whereas the hindered diffusion for hard spheres was found to be in excellent 
agreement with numerical model predictions, soft microgels exhibited unusually high 
mobility even when the wall spacing was smaller than the unperturbed particle diameter, 
due to the deformable and compressible structure of the soft microgel shell. 
 
5.1 Introduction 
 Hydrodynamic interaction of colloidal particles with stationary walls has been of 
interest because of numerous technological and scientific applications, for example, 
nano/micro-fluidic devices, molecular transport in porous media, membrane separations, 
and chromatography [1-6]. The presence of a solid wall imposes constraints on the flow 
                                                 
 
 
∗ This chapter has been submitted as “Hindered diffusion of hard and soft colloids under 
geometric confinement” by J. Cho, Z. Meng, L.A. Lyon, and V. Breedveld (2009).  
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field and affects the mobility of a particle by hydrodynamic coupling or drag. As a result, 
Brownian diffusion of colloids is suppressed significantly near walls. Starting with 
Faxen’s pioneering work, which provided asymptotic solutions for hydrodynamic 
interactions between a rigid, flat wall and a rigid single sphere [7], the Brownian motion 
of a hard sphere confined between two hard walls has been studied experimentally and 
numerically [8-13]. Early experimental studies investigated the Brownian motion of 
particles trapped between two walls via light scattering [12, 14], which provides 
ensemble-averaged results for all particles in the scattering volume and, as a result, 
cannot give direct insight into the mobility of particles as a function distance to the walls. 
Recent microscopy-based studies using particle tracking video-microscopy (PTVM) 
coupled with optical tweezers [10] and total internal reflection microscopy (TIRM) [15], 
have provided direct measurements of hindered Brownian diffusion near solid walls. 
However, most of these experiments were performed under “mild” confinement, i.e. the 
distance between confining hard walls is larger than twice the diameter of the confined 
sphere [11, 12, 14, 16] or measured hydrodynamic coupling between particles rather than 
between particle and wall [10, 17]. In this letter we report a systematic experimental 
study of confined colloidal diffusion over a wide range of wall spacings. For hard 
spheres, we present data down to gap sizes that are only slightly larger than the sphere 
diameter, which enables a rigorous comparison with theoretical predictions. For soft 
spheres, we explored Brownian diffusion all the way into the compressed regime, with 
wall spacings smaller than the unperturbed hydrodynamic particle diameter. 
 While several experimental and numerical studies have been devoted to the 
hydrodynamic coupling between hard spheres and hard walls, the effects of confinement 
on the mobility of soft spheres are poorly understood, in spite of the importance of soft 
colloids for various applications, such as biomolecular transport through nanopores [18, 
19] and emulsion and microspheres in microfluidic devices [20-22]. In a recent study, 
silica particles near a planar silica surface covered with thermally responsive polymer 
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brushes showed significantly reduced hydrodynamic coupling in comparison with 
numerical predictions for hard walls [23]. This experimental observation clearly indicates 
that softness can dramatically alter hydrodynamic interactions, but it leaves questions 
regarding the hindered diffusion of soft sphere under strong confinement between solid 
walls. In this letter, we use core/shell polystyrene/microgel particles to investigate the 
hindered diffusion of soft spheres and compare the results with hard polystyrene 
particles. 
 
5.2 Experimental Section 
 We use PTVM to measure the hindrance effect for colloidal spheres between 
parallel solid walls [24]. The fabrication of the cells is described in detail in Ch. 4: dilute 
suspension mixtures of colloids of interest and silica spacer particles are loaded between 
glass slides and excess liquid is removed to create a confined cell in which the spacing 
between walls is defined by the monodisperse silica spacers, as shown in Fig. 5.1. The 
volumetric ratio of spacers and sample particles was 1:100 and the total particle 
concentration was kept below 0.01 wt% to avoid hydrodynamic coupling among the 
diffusing particles and with the silica spacers (diameters 1.61, 1.85, 2.06, 2.28, 3.01 and 
4.63 µm; Bangs Laboratories). As hard spheres, fluorescent carboxylate-modified 
polystyrene (PS) microspheres of three different sizes were used (diameters 0.50, 1.1 and 
2.0 µm; Invitrogen). For soft spheres, we used C/S pNIPAm-co-AAc microgels, as 
described in Ch. 4. All particle suspensions were sonicated and extensively dialyzed 
against deionized (DI) water before use to remove impurities. To evaluate the effect of 
electrostatic interactions, the PS and core/shell particles were studied in DI water and in 2 
mM sodium chloride (NaCl) solutions. 
 A key advantage of using with multiple mono-disperse silica spacers between the 
glass slide is the ability to create a well-defined wall spacing over a large sample area. In 
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our experiments, the average distance between silica spacers was ~ 200 µm, which 
prevents buckling of the cover slip. Precise control over the wall spacing is critical, 
because the hindrance is a strong function of the degree of confinement, with particles 
further away from the walls moving faster than particles that are closer; this generates a 
diffusion coefficient gradient and can even result in particle drift [25]. As illustrated in 
figure 5.1, the spacing of our confined cell ( H ) can simply be tuned by using different 
sizes of silica spacers. The experimental cell is then placed on an optical microscope 
(Leica DM-IRB). In differential interference contrast (DIC) mode, the focal plane of the 
100× immersion oil objective was set at the mid-plane of the cell ( / 2h H= ), where the 
motion of colloids (both hard and soft) was recorded in fluorescent mode with a CCD 
camera at 30 frame/sec at 20 °C. 
 
 
Figure 5.1 Schematic of confinement cell mounted on optical microscope. H  represents 
the spacer diameter, h  the particle height, and HR  the hydrodynamic radius, respectively. 
Two dashed lines indicate the excluded volume inaccessible to particles. 
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5.3 Results and Discussion 
 Theoretical predictions for hindered diffusion are all benchmarked to the diffusion 
coefficient for free diffusion of a sphere far from any restrictions as given by the well-
known Stokes-Einstein relation 0 / 6B HD k T Rπη= , where Bk  is the Boltzmann constant, 
T  the absolute temperature, η  the fluid viscosity, and HR  the hydrodynamic sphere 
radius. For a single sphere near a rigid wall, the lateral diffusion is defined as 
// //,1 0D f D= , where //,1f  is the hindrance coefficient that is commonly approximated as a 
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For a hard sphere confined between two parallel walls, the total hindrance effect of the 
walls //,2f can be calculated via the linear superposition approximation (LSA) suggested 
by Oseen [7]: 
 
  ( ) ( ) ( )
11 1
//,2 //,1 //,1, , , 1H H Hf R h f R h f R H h
−− −⎡ ⎤= + − −⎣ ⎦    (5.2) 
 
Various alternative methods have been proposed to account for the combined hindrance 
of the two walls, but LSA is mathematically simple and has been shown to agree quite 
well with experimental results from prior studies [11, 12, 26-28]. Equation (5.1) 
technically applies only to cases with RH/h < 0.91; for smaller gaps, lubrication 
corrections are needed. However, for all experimental cases studied in this paper (RH/h up 
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to 0.97), the simplified expression of Eq. (5.1) causes deviations of less than a few 
percent, well within experimental errors.  
 Equations (5.1) and (5.2) pose an experimental challenge: because of the strong 
dependence of the hindrance coefficient on the distance between particles and walls, the 
position of particles – or their spatial distribution – must be known exactly to enable 
direct comparison with model predictions. For our particle tracking microscopy 
experiments in the confinement cell, there are two experimental concerns: sedimentation 
and the finite depth of focus of the optical detection system. In the horizontally mounted 
cell, gravity introduces a slightly asymmetric distribution of particles with a higher 
particle concentration near the bottom wall, which can be described by the Boltzmann 
distribution BP  [16]. The average height of particles in the confined geometry can then be 
calculated as:       




















      (5.3) 
      
Because the centers of mass of the particles cannot get closer to the wall than their radius 
HR , the integration limits in Eq. (5.3) are HR and HH R− , respectively. Figure 5.2 (a) 
clearly shows that the effect of gravity cannot be ignored for 2 µm PS spheres. 
Nevertheless, the average particle height in the sample is close to mid-plane ( / 2=h H = 
2.315 µm) under all experimental conditions. We can also calculate the number-averaged 
hindrance coefficient ( //,2f ) in the sample: 
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   (5.4) 
 
Numerical results for //,2f  as a function of degree of confinement ( 2 /HR H ) are 
summarized in Fig. 5.2 (b) for the particle sizes in this study. As expected, under strong 
confinement ( 2 / 1HR H ≈ ), //,2f  drops to 0, indicating that the walls arrest Brownian 
diffusion, whereas in bulk ( 2 / 0HR H ≈ ) particles experience minimal hindrance and 
//,2f =1. For comparison, the solid line represents the value of //,2f  at the mid-plane of the 
cell ( / 2=h H ) without integrating over the particle distribution. Deviations between the 
averaged and mid-plane values of the hindrance function are obvious. The averaged 
hindrance factor is always lower than the mid-plane value; for off-center particles the 
enhanced hindrance by the closest wall outweighs the decreased hindrance by the more 
distant opposite wall. For large particles (2.0 µm) gravitation towards the bottom wall 
causes hindrance effects even if HR H . 
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  (a) 
     
 
  (b) 
 
Figure 5.2 (a) Particle height distributions of polystyrene particles for H = 4.63 µm with 
three particle sizes: 0.50 (solid), 1.1 (dotted) and 2.0 µm (dashed). Square symbols 
indicate the average particle height. (b) Numerical prediction of hindrance coefficient 
averaged over the entire sample volume as a function of wall spacing for three different 
particle sizes: 0.50 (dotted), 1.1 (dash-dotted), and 2.0 µm (dashed). The solid black line 
represents the hindrance factor at the mid-plane (Eq. (5.2)). 
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 The second effect that is important for the interpretation of our experimental 
results is the finite depth of focus (DOF) of the optical microscope. DOF is a function of 
wavelength, magnification, numerical aperture, and refractive index of medium between 
coverslip and objective and marks the distance above and below the focal plane where 
particles can be detected. Only particles that reside within the DOF can be tracked and 
contribute to the hindrance factor measured via PTVM, so that the integration in Eq. (5.4) 
should be restricted to the DOF. If measurements are taken at the mid plane of the cell 
( / 2h H= ), Eq. (5.4) must be modified to: 
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   (5.5) 
 
 For a 100× oil immersion objective, the detection efficiency for 0.50 µm diameter 
particles decays to 50 % within ± 0.5 µm from the focal plane, corresponding to about 1 
µm vertical resolution [29]. Results for //,2
DOFf  as a function of 2 /HR H  are presented in 
Fig. 5.3. We can identify two important regimes: (i) H DOF  and (ii) 
2 HH R DOF− < . In regime (i), the cell height is much larger than the focal depth; as a 
result, none of the particles within the DOF experience significant wall effects and the 
experimentally determined hindrance factor equals the mid-plane value. As the cell 
height decreases, some particles within the DOF experience enhanced hindrance from the 
walls and the average hindrance factor gradually deviates from the mid-point prediction. 
Once the DOF becomes larger than 2 HH R− , all particles in the cell are detected 
optically and Eq. (5.5) becomes identical to Eq. (5.4). It is useful to point out that the 
three curves in Fig. 5.3 represent anticipated results from three classes of experimental 
techniques. Methods that average over the entire cell volume, e.g. light scattering [30], 
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should follow Eq. (5.4). On the other hand, methods that actively restrict particles to the 
mid-plane, e.g. optical tweezers [10], follow Eq. (5.2) (with 2=h H ). Finally, PTVM 
experiments provide hindrance values that are in between these extremes (Eq. (5.5)). 
 
 
Figure 5.3 The hindrance coefficient as a function of degree of confinement ( 2 /HR H ) 
for PTVM (averaged over DOF, Eq. (5.5)), in comparison with mid-plane value and 
value averaged over the entire sample volume (Eq. (5.4)). 
 
 In Fig. 5.4, we compare the results from our experiments with the numerical 
predictions. The error bar in x-axis represents standard deviation from five repeatative 
experiments and the error bar in y-axis is the result of polydispersity of particles as well 
as spacers. There is excellent agreement between model predictions and experimental 
results for hard-polystyrene spheres measured by PTVM over the entire range of wall 
spacings that were probed. It must be reiterated that previous experiments explored a 
much more limited range of confinement, with 2 HR H  less than 0.50. In contrast, our 
experiments systematically cover a much wider range of confinement, with 2 HR H  
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between 0.11 and 0.97. This improvement is made possible by the excellent control that 
we have over the wall spacing in our confinement cell through the use of monodisperse 
silica spacers. As predicted by models, Brownian diffusion under geometric confinement 
becomes more hindered as the separation between walls ( H ) approaches the size of 
particles, and the hindrance coefficient converges to zero. To the best of our knowledge, 
experimental observations of diffusion under such strong confinement ( 2 HR H≈ ) have 
not been reported before. The agreement between experimental results and model Eq. 
(5.5) is within experimental errors across the entire range of confinement. Deviations 
between experimental data and Eqs. (5.4) and (5.2), the mid-plane and sample-averaged 
values, respectively, are somewhat inconclusive due to experimental uncertainties, but 
Eq. (5.5) seems to agree best with data. Electrostatic interactions between particles and 
walls do not play a significant role, as is proven by the overlapping results for 
experiments in low-salt DI water and 2 mM NaCl solutions. 
 
 
Figure 5.4 Experimental hindrance coefficients for hard spheres (triangles) and soft 
spheres (squares) as a function of confinement, 2 /HR H . Both types of particles were 
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measured in DI water (solid symbols) and in 2 mM NaCl solution (open symbols). The 
lines represent the numerical predictions from Fig. 5.3. 
 
 
 Experimental confirmation of the predicted hindrance between hard walls and 
hard spheres is a strong result, but even more interesting are our experimental 
observations of hindered diffusion of soft spheres, also shown in Fig. 5.4. Like for hard 
spheres, the hindrance coefficient for soft core/shell particles decays with increasing 
degrees of confinement. However, the hydrodynamic hindrance of soft core/shell spheres 
is suppressed dramatically: at 2 / 0.8HR H ≈ , the soft spheres diffuse roughly four times 
faster than their hard sphere equivalents. It is suspected that the porous structure of the 
microgel shell allows water to penetrate, thus reducing the hydrodynamic coupling 
between sphere and wall. Even more striking is the observation that our core/shell 
particles exhibit significant mobility even under extreme confinement that requires 
particle deformation, for 2 / 1HR H > , a regime inaccessible with hard spheres. Under 
these conditions the soft particles must deform and/or shrink. When the wall spacing is 
further decreased, the core/shell particles slow down and eventually become fully 
arrested (see data point for 2 / 2.16HR H = ). It is clear from Fig. 5.4 that numerical 
predictions for hard spheres do a very poor job of describing the hindered diffusion of 
soft spheres, even under relatively mild confinement conditions, where a hard sphere 
approximation might have been expected to be valid. The soft particles have a solid 
polystyrene core (~250 nm radius) covered with a soft pNIPAm-co-AAc microgel shell 
(~700 nm thick in DI water and ~400 nm thick in 2 mM NaCl solution). Although the 
microgel layer is polyelectrolytic (due to the AAc co-monomers), Coulombic interactions 
do not affect the hindrance significantly. After changes in hydrodynamic radius are taken 




 Our study is the first direct observation of hindered Brownian diffusion of hard 
and soft spheres between parallel walls over a wide range of degrees of confinement. 
Lateral diffusion of colloidal particles was measured parallel to the walls and, as 
expected, hydrodynamic coupling with confining walls was found to suppress Brownian 
diffusion. Experimental results for hard spheres are in excellent agreement with 
numerical prediction from the LSA model across the entire experimental range. On the 
other hand, soft core/shell particles, which are porous, compressible and deformable, can 
dissipate hydrodynamic coupling effectively, resulting in enhanced mobility under 
confinement. Even when the wall spacing is smaller than the unperturbed diameter of soft 
spheres, they still exhibit Brownian diffusion; this anomalous behavior cannot be 
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CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions 
 In this thesis, we primarily focused our attention on investigating the dynamics, 
phase behavior, intermolecular forces, and hydrodynamics of colloidal suspensions of 
multi-responsive pNIPAm-co-AAc microgels. Chapter 1 was intended to give a general 
introduction to the reader who is not familiar with the subjects of this thesis, in particular 
the various forces that play a role in colloidal systems, the interaction potential and phase 
behavior, and the role of microgels as a model system for soft colloids.  
 Capitalizing on the fact that micron size colloidal systems are readily accessible 
with conventional instruments like optical microscopy, in Ch. 2 we introduced PTVM as 
a useful experimental technique for various colloidal systems. We then applied PTVM to 
dilute colloidal suspensions to measure various physical properties: hydrodynamic 
particle radius RH, sample temperature, and micro-structure of the suspending complex 
fluid. Firstly, we measured RH for polystyrene colloidal particles and validated the 
methodology by comparing results with PCS and subsequently investigated the swelling-
transition of pH-responsive pNIPAm-co-AAc microgel as a function of pH. This study 
confirmed the pH-responsive changes of RH for pNIPAm-co-AAc microgels upon pH 
change. We also successfully investigated the reversible and reproducible dynamics of 
swelling/deswelling of pH-responsive microgels upon pH change in situ by coupling with 
microdialysis cell, which allows direct control over solvent composition. Secondly, 
PTVM was used to measure the local temperature in microfluidic devices. The method 
provided accurate and reproducible temperature measurements in 2D (in-plane) and 3D 
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(out-of plane) temperature gradients in microfluidics devices with an experimental 
accuracy better than ± 1 °C. The results of the 2D and 3D studies were in good agreement 
with predictions from numerical models. Lastly, we investigated the changes in 
rheological properties of PEO-PPO-PEO triblock copolymer solutions during 
temperature-induced gelation with oscillatory macro-rheology and with micro-rheology 
via PTVM. While macro-rheology provided a two-step gelation transition, micro-
rheology via PTVM only captured the secondary transition and revealed that it is 
characterized by heterogeneous microscopic phase separation. Based on the observations, 
we proposed a gelation mechanism at molecular level. 
 After demonstrating the efficacy of PTVM for studying dilute colloidal 
suspensions, we shifted our attention to concentrated particle suspensions. Specifically, in 
Ch. 3, the phase behavior of soft pH-responsive pNIPAm-co-AAc microgels was 
investigated by using PTVM, coupled with the microdialysis cell to control pH. The 
results showed that microgel suspensions exhibit the same equilibrium phases as hard 
sphere suspensions: liquid, crystal and liquid/crystal coexistence. In comparison with 
hard spheres, the liquid/crystal coexistence region for microgels was much broader, and it 
shifted and expanded to higher effective volume fractions with increased degree of 
microgel swelling (pH). The unique behavior is most likely caused by the deformability, 
compressibility, and complex interparticle interactions of the microgels. In addition, we 
determined the location of a non-equilibrium, kinetically trapped jammed phase in the 
phase diagram. Surprisingly, the boundary between non-jammed and jammed states was 
located in the middle of the equilibrium liquid/crystal coexistence domain, further 
highlighting the complex nature of the interparticle interactions. Finally, all microgel 
crystals grown in the microdialysis cell resulted in RHCP (random hexagonally close 
packed) structures. 
 After finding unusual phase behavior of pNIPAm-co-AAc microgels upon pH 
change, we decided to directly probe the underlying interparticle interactions. In Ch. 4, 
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we measured the pairwise interparticle potential ( )u r  between pNIPAm-co-AAc 
colloidal microgels in a quasi 2D suspension. We confirmed the existence of a weakly 
attractive potential below the pKa  of AAc, which shifts to a purely repulsive 
interparticle potential changed above the pKa . From these results, we concluded that the 
pH-dependent long-range interaction arises mainly from rearrangement/reorientation of 
multiple weak hydrogen bonds between acid/amide groups on dangling polymer chains. 
The weakness of the interaction (< 1 Bk T ) explains why cooperative behavior of multiple 
particles is required to form stable attractive structures. 
 The studies of phase behavior and interparticle interaction revealed striking 
differences between hard spheres and pNIPAm-co-AAc microgels. Thus, it was 
reasonable to pose another question: does the softness of microgels have an effect on the 
hydrodynamics of these particles when they are geometrically confined. In chapter 5, we 
investigated the hindered Brownian diffusion of hard and soft colloidal spheres between 
parallel walls over a wide range of degrees of confinement. As expected, we found that 
the hydrodynamic coupling of colloidal particles with confining walls suppresses their 
lateral diffusion significantly. While the experimental results for hard spheres were in 
excellent agreement with numerical predictions from existing models, soft pNIPAm-co-
AAc microgels exhibited significantly enhanced mobility under confinement, which 
cannot be explained with current numerical models. 
 
6.2 Recommendations 
 The projects described in the previous chapters have raised several interesting 
questions that warrant additional experimental work beyond the scope of this thesis: 
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1. In chapter 4, the interparticle interactions between microgels were described but it 
needs more thoughtful evaluation. Our experiments highlighted an interesting feature of 
the microgels: tunability of the interparticle potential from weakly attractive to purely 
repulsive. While charged silica particles can successfully be described with DLVO theory 
[1, 2], and purely repulsive interactions have effectively been modeled through inverse 
power law potentials [3], our result clearly show that the pH responsive microgels cannot 
be captured by these models. More quantitative experiments should be performed, for 
example by varying ionic strength, to provide a solid experimental basis for the 
development of alternative models that describe the interaction potential of these colloids. 
2. The phase behavior of pNIPAm-co-AAc ionic microgels at I = 15 mM was described 
in Ch. 3. However, in this study we have not fully explored the entire range of multi-
responsiveness of the microgels. Other parameters of interest are ionic strength and the 
crosslink density of the microgels, which determines their softness. A more detailed 
multi-dimensional phase diagram can be obtained by exploring these additional 
parameters. 
3. We showed that crystallization in the microdialysis cell always results in RHCP crystal 
structures. Because the microdialysis cell provides direct control over effective volume 
fraction and gravitational effects are minimal, we might be able to use the system to study 
the crystallization kinetics for other crystal structures. For instance, by utilizing patterned 
substrates as a template for colloidal crystals, we can guide crystal growth into certain 
structures. Another suggestion is to insert electrodes into the microdialysis cell to 
generate electric fields that could facilitate desired crystal growth. 
4. When impurities are present in crystallizing systems, they can either act as nucleation 
seed or as a defect that hinders crystallization. Especially when the size of the impurity is 
larger than, but of the same order as the diameter of crystalling particles, the curvature of 
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the impurity can cause geometric frustration [4, 5]. However, the dynamics of 
crystallization in the presence of such impurities have not reported yet. By using microgel 
suspensions in combination with artificial impurities of known size, one can investigate 
the effect of impurities on crystallization dynamics in the microdialysis cell and study 
phenomena like defect propagation. These experiments would not only offer fundamental 
information regarding colloidal crystallization, but could also be used as inspiration for 
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